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ABSTRACT 


This report presents a development of design optimization 
techniques for waterjet propulsion systems used on surface 
effect ships. The emphasis is on developing a minimum system 
weight or a maximum system efficiency.: The possibility of 
optimizing a ship displacement for a given propulsion plant 
is also presented. 

The waterjet propulsion systems presented use flush 
inlets, constant-area nozzles, multi-stage axial-flow pumps, 
planetary reduction gears and marine gas turbines. The 
equations which govern the performance and design of these 
systems are developed and incorporated into a computer 
program. This program is a modified and improved version 
of an earlier computer program. 

The computer program is then used to conduct a study 
of the U. S. Navy's contemplated 2,000 ton, 80 knot SES. 

The concentration of this report is on the effects of changing 
the jet velocity ratio, the effects of different length- 
to-beam ratios, the effects of gas turbine size and the 
optimization of ship displacement for a given waterjet 
propulsion system. 

A Fortran computer program listing and user's guide 
is included. This program may be used for a number of 
different ships and is not restricted to the 2,000 ton class. 
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SYMBOLS USED IN TEXT 


Inlet area at cruise speed 
Inlet area at hump speed 
Jet area 

Pump inlet area 


Ratio of entering water momentum 
velocity to ship velocity (V_/V,) 


Acceleration coefficient 

Pump blockage coefficient 

Inlet drag coefficient 

Pump length coefficient 

Inlet system weight coefficient 
Pump weight coefficient 

Inlet system drag 

Nozzle exit diameter 

Pump inlet diameter 


Inside diameter of pump-to-nozzle 
pipe 


Outside diameter of pump-to-—nozzle 
pipe 


Moody pipe friction factor 
Acceleration due to gravity 


Difference in height between outside 
waterline and diffuser exit 


Atmospheric pressure head 


Height of diffuser exit above inlet 


Sar 


tau 
ft 
ft 


MP Mm MW WN 


ft 


Lb 
ft 
ft 
ft 


ft 


ft/sec” 
ft 


ft 
ft 





Lep 


Head loss between diffuser exit and 
pump inlet 


Height of pump above inlet 


Change in height between diffuser 
exit and the pump entrance 


Change of head across pump 
Head at entrance to pump 
Head at pump exit 

Head at diffuser exit 


Change of head across nozzle 


Change of head across pump-—-to-nozzle 


pipe 

Additional horsepower required to 
overcome the pump-to-nozzle pipe 
head loss 

Horsepower delivered to the water 
K-factor of reduction gear 
Length of pump 

Length of pump—-to-nozzle pipe 
Reduction gear ratio 

Pump specific speed 


Pump suction specific speed 


Reduction gear input pinion RP 
(engine rpm) 


Net positive suction head 
Vapor pressure head of water 


Overall propulsive efficiency 


516 = 


ft 


ft 
ft 


ft 
ft 
ft 
ft 
ft 
ft 


He 


HP 


ft 
ft 


rpm( gal/min) *? 


ite 


rpm 


ft 
ft 





PC Net propulsive efficiency 


net 
2yP Pressure drop in pump-to-nozzle pipe 1b/ft* 
Q Flow rate ft°/sec 
Q Reduction gear Q-factor 
Q. Flow rate at cruise speed ft-/sec 
Qy, Flow rate at hump speed £t>/sec 
R ship resistance lb 
Re Reynold's Number 
ry, Pump hub radius ft 
Ty Pump blade tip radius Lt 
RPM Rotational speed revolutions/min 
SFC Specific fuel consumption Lb/HP-hr 
SHP Required engine power output HP 
Ny Thrust Ame) 
t Time interval hr 

Thickness of pump-to-nozzle pipe in 

U,. Blade tip velocity ft/sec 
VAF Variable area factor 
V Velocity ft/sec 

; Inlet velocity at cruise speed ft/sec 
Vi, Inlet velocity at hump speed ft/sec 
V; Jet velocity ft/sec 
ae Jet velocity ratio 
ia Momentum velocity of entering water ft/sec 
Vo Ship velocity ft/sec 
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Velocity of water entering pump 
Weight of inlet system 
Pump weight 


Weight of fuel consumed in a time 
period At 


Weight of reduction gear 
Weight of water in pump 
Density of titanium 
Density of water 

Pump flow coefficient 
Pump head coefficient 
Viscosity of water 

Pa 

Maximum allowable stress 
Reduction gear efficiency 


Nozzle efficiency 


ft/sec 
Iie 
Lb 
aD 


Lb 

Lb 
slug/ft> 
slug/ft> 


£t"/nr 


Lb/in* 


Inlet system overall internal efficiency 


Inlet system overall intermal efficiency 


(uncorrected for neight) 


Pump efficiency 
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1. INTRODUCTION 


Among the new types of high-speed marine vehicles, 
the surface effect ship seems to have the best potential 
for developing into multi-thousand ton ships. 

The surface effect ship rides on a self generated 
cushion of air contained between rigid sidehulls and flexible 
fore and aft seals. The very high horsepower levels that 
must be transmitted through these sidehulls has made the 
use of waterjet propulsion systems attractive. 

some of the advantages of waterjet propulsion for 
surface effect ships include: 

1. Reduction of underwater noise 

2. Fewer underwater appendages 

3. Possible elimination of rudders 

4. Fewer and simpler components 

5. Increased reliability and maintainability 

6. Use of multiple systems per sidehull 
The two biggest disadvantages of waterjet propulsion are 
its comparatively low propulsive efficiency and high system 
weight. Figure 4 shows representative propulsive efficiencies 
for different types of propulsors. 

Propeller systems for surface effect ships have some 
critical disadvantages. Subcavitating propellers are unsuited 


for operation much above 40 knots due to blade cavitation. 
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supercavitating and superventilated propellers can operate 
successfully at speeds above 40 knots. The problem is the 
amount of thrust that must be developed by each propeller. 
The typical horsepower level for the proposed 2,000 ton SES 
is approximately 135,000 SHP. If a propeller is used, 

half of the horsepower would have to be transmitted through 
each propeller. The system would also require either 
controllable reverse-pitch (CRP) propellers or a reversing 
gear. 

The final support for using waterjet propulsion systems 
is that the Navy has given six contracts for the development 
of the 2,000 ton SES design. All six of these contracts 
specify that waterjet propulsion will be used. 

The typical drag characteristics of a SES are shown in 
Figure 1. Low length-to-beam ratios have a high drag at 
hump speed and a low drag at cruise speed when compared to 
high length-to-beam ratios. The selection of the length- 
to-beam ratio for a SES will have an important impact 
on the waterjet propulsion system design because the design 


is based on both the hump and cruise conditions. 
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2. DEVELOPMENT OF BASIC EQUATIONS 


A waterjet propulsion system draws water from outside 
the hull, imposes an acceleration on it and discharges 
it astern as a jet. The thrust is developed due toa 
change in momentum of the water. The momentum equation 
for thrust delivered by the system is: 
th = Py PW, “= ve) (2.1) 


where: iT 


Pw 
Q 


thrust developed (1b,) 
density of water (slugs/ft?) 


flow rate of water (£t>/sec) 
jet velocity (ft/sec) 


Ve 
J 
V 


m = momentum velocity of entering water (ft/sec) 





The momentum velocity of the incoming water is slightly less 
) than the shin velocity due to the boundary layer effect. 

The ratio of momentum velocity to ship velocity is 
defined as C. Typical values are greater than .985 (ref. 1). 
The thrust equation can be rewritten in terms of C and 

ship velocity as: 


a = Py 7 - C)V, (2? } 


The jet velocity ratio, Are is the controlling system 
varlable. Selecting the jet velocity ratio establishes 
the other important parameters. 


The thrust must equal the resistance of the ship plus 
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the added drag caused by the waterjet inlet system. If 
an acceleration 1s required, the total resistance must be 
multiplied by an acceleration coefficient. Thrust required 


is thercfore: 


T = (R + D)C, C23) 


where: R = ship resistance (1b,) 
D = inlet system drag (Lb,) 
Cy = 1 for constant speed 


C, > 1 for increasing speed (acceleration) 


The added drag of the inlet system can be expressed in 
terms of a drag coefficient, Cy 


D = Pup QV /2 (2.4) 


Figures 19 and 23 present calculated design speed drag 
coefficients for varying aspect ratio inlets and 2.5 aspect 
ratio inlets, respectively. If no restrictions are placed 
on the variable area factor, the drag coefficients are 
nearly independent of hump speed and vary slightly with 
design speed. 

Combining equations 2.2, 2.3 and 2.4 yields: 

PyPV5/V, = C)V, = C,(R + EP CHV) 25) 

Equation 2.5 can then be solved for the required 
flow rate, Q, for a given ship velocity, ship drag and 


acceleration margin, plus a selected jet velocity ratio. 
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CR 
a= ov /¥, . 0 . O.C.) Za) 


To determine the power requirements, the head across 
the pump, Hs must be established. 

The overall internal efficiency, lonus of the inlet 
system is the ratio of the total head at the diffuser 
outlet to the total head of the incoming flow, V°/2g. 
This efficiency includes all losses up to the diffuser 
outlet. Figures 20, 21, 24 and 25 show the variation of 
the overall internal efficiency with changing ship velocity. 
These efficiencies are applicable for an infinite Froude 
Number diffuser with an exit at the same elevation as the 


undisturbed water surface. The efficiency corrected for 


a change in elevation is: 


a2 (2.7) 


TY = MN 1 7 
OA OA ve /2z2 


The total head at the diffuser exit, Ho, is then: 


2 


OA‘m 
Ho 5 (258) 


The head at the pump entrance is: 


Hy = Be — 2, + Hy - Mey (2.9) 
where: Ho = head at entrance to pump (ft) 
he = height of diffuser exit above inlet (ft) 
he = height of pump above inlet (ft) 
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H Mead ai citfpusersexit (ft) 


2 
Bt 


II 


head loss between diffuser exit and 


hg pump inlet (ft) 


The head at the exit of the punp is: 


a 
Ho ~ Qe - Hine + Hog (2.10) 
wheres 4H = head loss in the pump-—to-nozzle 


pipe pipe (ft) 


ram 
1 


head loss across nozzle (ft) 


The head loss in the pump-to-nozzle pipe is a function of 
the flow rate, vipe length and pipe diameter. The solution 


pa. H for the optimum pipe diameter is presented in 


pipe 
Peeuron 3.4. 
The head loss due to the nozzle can be expressed in 


terms of a nozzle efficiency, Nf} Figure 5 shows the 


nz ° 
mogzle eificiency for a typical long radius nozzle. The 
nozzle efficiency is the ratio of the head of the jet to 
the head at the nozzle entrance. 
_ Vi Pe — 
nce Ho ~ H wipe “ 
Solving equation 2.11 for the head at the exit of the pump 


gives: 


re (212) 
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Combining equations 2.10 and 2.12 gives: 


a ; | (2.13) 
H = ——— Zooks 
noz g& ae 

Equations 2.9 and 2.12 can then be combined to get the head 


rise required across the pump, H_. 


p 
2 2 
pe. nll 
_ {2 _ OA m Z 
H, - oan, - Hae ; re h,, hee Ay op (2514) 


Assuming that the loss between the diffuser outlet and. 
pump entrance is small compared to the other terms, DD on 
can be neglected. By setting Doe equal to h, - nes equation 


2.14 becomes: 


(V,/V,)° ; ve 
Hy = ae -~ CN), ppm sane * ope (2 cally) 
The power delivered to the water, HY) can now be determined 
since: 


HP, = H 0 PyE/550 (2.16) 


Substituting equations 2.6 and 2.15 into 2.16 gives: 


2 | 2 2 
ap CARLY §/Vo)“tnz) 2 Non + pipe * Bye )2/V 5 )| ae 
J i 
5 (2) (550) (V/V) -6 = 0 ,Cp) 
The shaft horsepower required is then: 


HP 
<7 (2.18) 


Wg 
where: Np = Pump efficiency 


gear efficiency 
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The overall propulsive coefficient, PC, is defined as 
the thrust times velocity divided by the shaft horsepower. 
Tea vaya C) 
PC = SS (21.6) 
Be o) Mz) ~ © Non * Boine * Mpe) (2e/VQ) 
By taking the derivatives of 2.17 and 2.19 with respect 
to the jet velocity ratio and setting the results equal to 
zero, expressions can be found for the jet velocity ratios 


for which the required horsepower is a minimum and the 


propulsive coefficient 1S a maximum. These are: 


_ 1 i) 2 2 2 
we, =C+2C,Cy + | (C + BC ,Cp)” -C° Nol. + 2 (Has ne a Ween eo 


(220) 


for minimum power and 
2 e 
v=o + Lc (ak se Weyl) ae 2(Hi ine + Dee elie (2Qe28) 


For maximum PC. These two optimum jet velocity ratios do not 
occur at the same jet velocity ratio. However, they are close 
enough so that either could be used in determining a 
representative power required by the surface effect ship. 

The net propulsive coefficient, PC net? is defined as 
the hull drag times velocity divided by the shaft horsepower. 


PC et = RV (/SHP (222) 


Once a jet velocity ratio at cruise has been selected, 
the flow rate through the system at cruise is determined 


from equation 2.6. The area of the jet is then: 


mete) oe 





Q 
De = ay AT (2.23) 


or 47 <0 
Assuming a constant area jet, the jet velocity ratio at 
omamevelocity, V, is: 


V/V = Q/AV (2520 ) 


Equation 2.23 can then be combined with equation 2.6 to 


eeeve for the jet velocity ratio at hump. 





All the terms in equation 2.24 are at hump speed. Once 

the jet velocity ratio is determined, the other system 
variables such as flow rate and power requirements can be 
found using the appropriate equations developed in this 
chapter. The procedure used to find the hump speed variables 
could be used to predict the performance at any Speed. 

It is apparent from equations 2.20 and 2.21 that 
different speeds will lead to different ovtimum jet velocity 
ratios for minimum power or maximum propulsive efficiency. 
Therefore, selecting the optimum jet velocity ratio at cruise 


will lead to a less than optimum jet velocity ratio at hump. 
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3. SYSTEM DESCRIPTION 


The general configuration of a waterjet propulsion 

system for a surface effect ship is shown in Figure 2. 
The components of the system include the inlet system, 
the transition pipe, the pump, the pump-to-nozzle piping, 
the nozzle, the reversing gear, the propulsion engines, 
the fuel and the air cushion system. The arrangement and 
numbering of the individual waterjet systems used in this 
report are shown in Figure 3. 

3.1 INLET SYSTEMS 

The inlet system will be defined in this report to 
include the inlet, diffuser, fairing required by the inlet 
and a movable ramp or movable lip. 

The inlet aspect ratio is the ratio of inlet width to 
inlet height. Two basic series of inlet aspect ratios are 
considered, one has a constant 2.5 aspect ratio and the other 
has an aspect ratio which varies with design speed. 

The flush inlet appears to be superior to pod-strut 
inlets for surface effect ship application. A flush inlet 
lies in the same plane as the bottom of the sidehull. 

The important advantages of the flush inlet include less 
added drag, simpler methods of changing the inlet area and 
less chance for inlet damage caused by floating debris. 


For these reasons, only flush inlet systems are considered 
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in this report. 

The most important factors effecting the inlet drag 
are: lip leading-edge radius, variable area factor (ratio 
of maximum to minimum inlet opening area), inlet aspect ratio, 
flow rate and sidehull fairing. 

Surface effect ships usually have significant sidehull 
deadrise angles. Fairing of the sidehull is required to 
prevent inlet ventilation and cavitation. The fairing 
must also be designed to minimize any additional drags. 
nidehull deadrise angles of more than 50 degrees are not 
well suited for flush inlet systems. 

The surface effect ship has a need for a variable inlet 
area capability. The flow rate requirements at maximum 
speed and at hump speed (high drag) are nearly equal. 

This dictates that the inlet must either have a variable 
area capability or be able to operate over a wide range of 
inlet velocity ratios. Operation over a wide range of inlet 
velocity ratios requires large variations in the inlet lip 
angle-of-attack. Changing the angle-of-attack will require 
a larger lip leading-edge radius to prevent cavitation at 
the leading-edge. The larger lip radius will lead to 
increased inlet drag. 

With a variable inlet capability, the inlet velocity 
ratio variations can be reduced. The lip angle-of-attack 


Will then be small. A small lip leading-edge can then be 
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used which results in lower inlet drags. The minimum lip 
radius will usually be specified by such practical 
considerations as the need to place sensors near the lip or 
to limit vulnerability to debris damage. The variable 


area factor, VAF, required is: 





A VQ 
h Co 
vn = ee aeeals)) 
A, Vn® 


where: A = inlet area (£47) 

V = inlet velocity (ft/sec) 

Q = flow rate (£t-/sec) 

C= as cruise conditions 

h = at hump conditions 

For varying aspect ratio inlets, the aspect ratio is equal 
to the diffusion ratio. The varying aspect ratios inlets 
are normally more efficient and lighter. Varying aspect 
ratio inlets may be limited by sidehull geometry. 

A movable ramp or movable lip is needed to have a 
variable area capability. If a movable lip is used, the lip 
leading-edge must not be allowed to vary more than a small 
amount. Figure 3 illustrates the movable ramp and the 
movable lip. 

A diffuser is required to slow the flow down to prevent 
Cavitation at the pump. The diffuser design has a significant 


effect on inlet system weight and efficiency. Minimum 


acceptable values of overall diffusion ratios are determined 
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by pump cavitation characteristics. The diffuser 
characteristics used are based on a study by R. A. Barr, 
reference 1. The study was based on a pump with a maximum 
suction specific speed of 16,000 and a flow coefficient of 
Seow Diffusion ratios of 3.0, 4.0 and 5.0 were required 
for 60, 80 and 100 knots respectively. The diffuser 
schedule used is as follows: 


O 


6 


tt 


O to 20 vercent of length Diffusion 
20 to 90 percent of length Diffusion = 6 +12 (p-20)/75 


90 to 100 percent of length Diffusion = 18(100-p)/5 


where p is the percent of total diffuser length measured 
irom the inlet. The use of smaller diffusion angles will 
result in higher efficiencies but heavier system weights. 
A diffuser outlet angle of 45 degrees is assumed in this 
meport. 

Other considerations in selecting diffuser geometry 
include the transition from rectangular inlets to circular 
pump inlets. 

The weight of the inlet system, W, in terms of an 


inlet weight coefficient, Cw is given in reference 1 as: 
W = C,Qr'? (3.1.2) 


Values of oe are shown in Figure 21 for varying aspect ratios 
and in Figure 25 for 2.5 aspect ratios. In both cases, 


the lip leading-edge radius is .25 inches. The weight 


OG i= 





includes structural weight and water weight. Equation 3.1.2 
suggests that many smaller and separate inlets may be 
superior due to lighter weight than fewer and larger inlets. 
However, smaller systems are generally less efficient and 
the weight gains are offset by higher fuel weights. 
3.2 TRANSITION PIPE 

The transition pipe is a constant diameter pipe 
extending from the diffuser outlet to the pump inlet. The 
angle of the pipe, 45 degrees, is the same as the diffuser 
Outlet angle. The transition pipe is used to account for any 
small differences in pump height and diffuser exit height. 
The diffuser schedule given in section 3.1 will lead toa 
diffuser exit height of 6.5 feet. If the pump height and 
the diffuser exit height vary substantially, consideration 
should be given to developing a new diffuser schedule. 
Data for flush inlet diffusers is limited to a few specific 
configurations. New diffuser geometries should be model 
tested to adequately establish final performance predictions. 
The transition pipe represents a means to adavt a known 
diffuser configuration to a specific waterjet system 
requirement. 
3.3 PUMPS 

Waterjet pumps should have high efficiency, high 
rotative speeds and light weight. To achieve light weight 


it will be necessary to use pumps with high suction specific 
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speeds. The acceptable values of suction specific speed 
are limited by the onset of cavitation. The high rotative 
speed leads to smaller differences in RPM between engine 
and pump, and thus lighter reduction gear weights. 

Pumps are generally cheracterized by their specific 
speed, No 

N. = in (3.3.2) 

p 

Pumps can be of the axial-flow, mixed—-flow or centrifugal- 
flow types, depending on the design requirements. 
Centrifugal pumps operate best for specific speeds between 
500 and 4,000. Wixed-flow pumps should operate at specific 
speeds between 4,000 and 10,000. Axial-flow pumps are 
best for specific speeds greater than 10,000. Previous 
comparisons of pump types in references 2 and 6 determined 
that axial-flow pumps are the best suited for surface effect 
ship application. The advantages include ease of arrangement, 
maximum compactness and ease of adding stages. Centrifugal 
and mixed-flow pumps are not considered in this report. 

The procedure used is to determine the rated pump RPM, 
pump diameter, annulus area and other related pump 
characteristics based on a designated flow coefficient (~), 
head coefficient (Y), flow rate and pump head. The purpose 
1s not to design the pump, but to determine the general 


requirements and characteristics of the pump. 
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The diffusion ratios used in section 3.1 were based 
on @ pump with an inlet flow coefficient of 0.15 and a 
maximum suction specific speed of 16,000. These values 
were therefore fixed in the pump desigm procedure. 

Pump cavitation performance is based on the suction 
specific speed, 1 

No, = (neu) (q)*° (BaBiak) 
NPSH 

The net positive suction head, NPSH, is: 


NPSH = Ha + Hoy - Py (3.3.3) 
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atmospheric pressure head (ft) 
= head at pump entrance (ft) 


p. = vapor pressure head of water (ft) 


The large discharge and low net pvositive suction head 
at hump speed indicate that the greatest danger of cavitation 
will be at hump speed. The maximum suction specific speed 
at which waterjet pumps can operate at without excessive 
cavitation damage is unclear. Waterjet pumps with inducers 
have been built that can operate free of cavitation damage 
at suction specific speeds of 25,000. 

Cavitation normally occurs on the first inducer stage. 
The inducer should produce enough headrise to keep the 
remaining stages from cavitating. The performance of 


multi-stage pumps is not badly effected by cavitation on 
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the inducer stage. Cavitation will normally begin at a 
much lower suction specific speed than the limiting suction 
specific speed. 

The pump used in this report is assumed to operate 
at acceptable cavitation levels up to a specific suction 
speed of 16,000. The pump design procedure is based on the 
method described in reference 14 and will only be summarized 
in this report. 

The head coefficients for the pump were set at 0.41 
for the inducer and 0.3 for the remaining stages. The 
maximum allowable blade tip velocity was set at 200 feet per 
Meeond . These values are consistent with existing pumps. 
Changing these values will only have a small effect on the 
overall system design since the pump represents such a small 
percentage of the total system weight. 

The flow rate and the headrise can be calculated by 
equations 2.6 and 2.15 respectively. The flow coefficient, 
%, is the ratio of the axial velocity of the entering water 
to the blade tip velocity. 

P= v_/U,, Cy) 


where: V,_ = velocity of water entering pump (ft/sec) 


UL 


The headrise coefficient,WV, relates the headrise across the 


tl 


blade tip velocity (ft/sec) 


pump to the blade tip velocity. 
2 


OO, = 





With the values of the flow coefficient and the headrise 
coefficient set, the velocity of the water entering the 

pump is: 

= 7, (B73) 
The blade tip radius, Pay is then found by: 


i = ona =: (x,/24)?| Vy, (3.3.8) 


Mimally, the pump RPM is: 
RPM = 30U,/1r,, (333.8) 


The suction specific speed is then calculated by 
equation 3.3.2. If the suction specific speed exceeds the 
set limit of 16,000, the blade tip velocity is reduced 
resulting in a lower suction specific speed. 

When an acceptable suction specific speed is found, 
the efficiency of the pump is determined. A pump with a 
diameter of 3.66 feet and an efficiency of 91.5 percent at 
design speed is assumed. A Reynold's Number correction is 
applied for the actual pump diameter to determine the pump 
efficiency. The propulsive efficiency and required shaft 
horsepower at hump speed is then calculated and compared 
to the available shaft horsepower. If the required shaft 
horsepower (including acceleration margin) is greater than 
the available power, the blade tip velocity is reduced. 
Decreasing the blade tip velocity increases pump diameter, 


pump weight, pump efficiency and the headrise coefficient 
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of the pump. The number of stages is then determined based 
@a@neaa coefficients of 0.41 for the inducer and 0.30 for 
subsequent stages. The pump head, efficiency and RPM 
characteristics are assumed to be parabolic. Using this 
assumption, the off-design pump RPM and efficiencies can 

be determined. With the pump RPIli and efficiency at cruise 
speed determined, the overall propulsive coefficient, 
required shaft horsepower and blade tip velocity can be 
found. The required shaft horsepower is then compared to 
the available shaft horsepower and the blade tip velocity 

1s compared to the maximum allowable blade tip velocity. 

if either value is unacceptable, the blade tip velocity at 
hump is reduced and the entire procedure is repeated. 
Finally, the suction specific speed at cruise is calculated. 
If it is too high, the blade tip velocity at hump is reduced 
Beeetne entire process repeated. 


The pump dry weight is approximated by: 


bs 2-3 
Wa = CD, (3.3.9) 
where: C_ = pump weight coefficient 


Ww 


Dy, = pump diameter (ft) 


and the weight of water in the pump by: 


Wy = CyALL A,8 (3.3.10) 


where: Cy blockage coefficient 


A. = pump inlet area (£47) 
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L,, = pump length (ft) 
The pump length is calculated in terms of a length 
coefficient, Crs and the pump diameter. 


L., = cD, C2321) ) 


Decreasing the blade tip velocity increases the pump 
efficiency, pump diameter and the pump weight. 

For two or three waterjet systems in a sidehull, the 
pump is desigmed to the requirements of System 2 (Figure 3). 
For four or five waterjet systems in a sidehull, the pump is 
designed to the requirements of System 3. The same pump 
would be used in all the systems and the small changes in 
thrust requirements would be achieved by using slightly 
different nozzle exit areas. 
3-4 PUNMP-~TO-NOZZLE PIPING 

Figure 3 shows the arrangement of each individual 
waterjet system. The only major difference in the individual 
systems is the distances from the pump exit to the nozzle 
located at the stern of the ship. In large surface effect 
ships such as the proposed Navy 2,000 ton class, the 
pump-to-nozzle length could be 40 feet or more. This 
represents a considerable weight addition and a potentially 
high head loss. 

A large diameter pipe will have very small head losses, 
but very high water and pipe weights. Conversely, small 


diameter pipes will have small pipe and water weights, 
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but larger head losses. 

The approach taken was to design the pipe based on a 
total minimum weight for cruise conditions. The weights 
considered were pipe weight, water weight, the proportion 
of the engine weight required to overcome the head loss 
and weight of the additional fuel required. 

Wt = Wt 


+ Wt + Wt 


ada'1 + "toaary (3-4-1) 
fuel eng 


pipe water 


The weight of the pipe depends uvon the pressure head 
in the pipe, pipe diameter, pipe thickness and pipe material. 
Due to the high flow rates, titanium was chosen as the 
pipe material. The allowable stress was set at 20,000 


p.s.i.e The thickness of the pipe is then calculated by: 


re Dae 
= pipe W Di 


where: t+ thickness of pipe (in) 


Hen = head at pipe entrance (ft) 
Dis = inside diameter of pipe (ft) 
v = maximum allowable stress (p.sei.) 


if the thiclmess is found to be less than 0.1 inches, it 
is set equal to 0.1 inches. 


The weight of the pipe is: 


2 2 
Niteeeye = PreMpine no - Diz) (1/4) (3.4.3) 
where: /, = density of titanium (slug/ft>) 
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ne = length from pump to nozzle (ft) 
we = outside diameter of pipe (ft) 
Substituting: 
Dee =D); + 2t Condes) 


into equation 3.4.3 gives the weight of the pive as: 


t = 2 

WE ipe * Sth pine (Ppst + *°) (54.5) 
The weight of water in the pipe is: 

| 7 2 

"tater = EP pipe pi 1/4 (3.4.6) 


The additional fuel and engine weights are based on 
the additional horsepower required to overcome the head 
loss in the pipe. 


HP = APQ/550 Geran 7,) 


Loss 
ire pressure drop,AP, in the pipe is: 


2 
4iL zh 2! 


ie ae (3.4.08) 
pi 
where: f£ = Moody pipe friction factor 
V = velocity of water in pipe (ft/sec) 


The Moody pipe friction factor is: 


02 
= V Doi 


Since the flow rate throughout the system is constant: 
Ae fae VDA (3.4.10) 
pl Jd 


The velocity in the pipe is then: 
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V = =V.D-/D,; eo 4.0))) 


Gempining equations 3.4.8, 3.4.9 and 3.4.11 gives: 


4 1.85 ee My 8 
AP = :092L 5 pePy 2” a a /D cond. 12) 
Semomnans eduations 3.4.7, 3.4.10 and 3.4.12 gives: 
_ BO i. © 
HP) ogg = +000258L,5 16 Py /D 54 Caiodl s1Lsy) 


The weight of the additional fuel and power requirements 


can now be determined by: 


Wteoagt, = (HP...) (SFC) (RANGE/V ) (3.4.14) 
fuel 
and 
Weogaty = (FProgs) (Wten a) /SHP CBN Lg) 
eng 


Big@et2tuting equations 3.4.5, 3.4.6, 3.4.14 and 3.4.15 


into equation 3.4.1 gives the total weight equation. 


2 2, 
Wt = ae iD. i ae wie 
PT pipe pit + 8) + Publpipe?pi™/4 + eS) 
WORE 
.000258L_. ie (SFC ) (RANGE) Wt 
A pive/w " eng 
Dos Wi SHP 


To find the pipe diameter resulting in minimum weight, 
the derivative of total weight is taken with respect to the 
pipe diameter.and the results set equal to zero. The 


equation to be solved is: 
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O = EP TIL 16 + 2 Pye nid yi pe™/4 - oan 
AL 
(4-8) ( .000258)L 5 59 Py" | (SFC) (RANGE) — Wt, 
p28 V SHP 
pl O 
or in simplified form: 
O=pP,t/py, + 0-5D,; - 
<—- (e413) 
-00039497° Q-* (SFC ) (RANGE) Wt on 
=e 5 
D?* V SHP 
pi O 
The head loss in the pipe for any flow rate is: 
Hine =AP/ pg (354519) 


The head loss in the pipe will cause an increase in 
the total headrise across the pump which will lead to a 
slight change in the flow rate. This change in flow rate 
is handled by repeating the pipe design process with the 
new flow rate. 
3.5 NOZZLES 

The purpose of the nozzle is to convert a pressure 
head into a velocity head by throttling. A nozzle will 
increase the velocity of the water substantially. In 
doing this, a certain amount of pressure head is lost. 
This loss is mainly a frictional loss. 

Normally, for waterjet propulsion systems, a fixed 
area nozzle designed for cruise conditions is used. 


Some improvement in off-design performance could be achieved 
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by using variable area nozzles. By varying the jet area, 

a better jet velocity ratio could possibly be found at off- 
design speeds. Increasing the nozzle area for lower speeds 
would increase the pump discharge and reduce the pump head. 
This will normally result in increased pump RPI, increased 
pump efficiency and lower fuel consumption. Variable area 
nozzles are normally not used due to increased mechanical 
complexity, decreased nozzle efficiency and only small 
overall performance gains. 

In the flow, the point where the streamlines are 
perfectly parallel to the centerline of the nozzle is 
slightly beyond the exit of the nozzle. This point is 
commonly referred to as the "vena contracta." The cross- 
sectional area is slightly smaller at this point than at 
the nozzle exit. For application in the thrust equation 
2.1, the jet velocity should be the velocity at the vena 
contracta. This presents a problem in that the vena contracta 
area 1s unknown and therefore the velocity is difficult 
to determine. 

According to experimental results presented in reference 
11, the velocity at the vena contracta is roughly 0.5 to 
1.0 percent higher than the jet velocity calculated by 
dividing the flow rate by the nozzle exit area. These 
experiments were based on a long radius nozzle. The vena 


contracta effect will recover much of the nozzle efficiency 
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loss if the nozzle exit velocity is defined as the jet 
velocity. Nozzle efficiencies greater than 99 percent are 
obtainable when the Reynold's Number is greater than 200,000. 
Figure 5 presents the nozzle efficiency as a function of 
the ratio of nozzle exit diameter to nozzle inlet diameter 
for a long radius nozzle. The vena contracta effect has 
been incorporated into the nozzle efficiency. Therefore, 
the jet velocity is actually the velocity at the nozzle 
exit. 

The length of a long radius nozzle is approximately 
twice the inlet diameter. Changes in flow rate have only 
a small effect on nozzle efficiency if the Reynold's Number 
is greater than 200,000. 
3.6 REVERSING BUCKET 

Reverse thrust and ship control can be obtained by 
@encurolling the direction of the jet. These devices are 
added behind the nozzle and do not effect the normal forward 
performance. Such devices are much lighter and therefore 
more desirable on a weight basis than auxiliary propulsion 
systems (for reverse thrust) or rudders (for directional 
control). 
3.7 PROPULSION ENGINES 

Engines for surface effect ships are normally limited 
tO marine gas turbines. However, in the case of small 


ships requiring less than 10,000 total shaft horsepower 
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and desiring maximum ranges, the use of lightweight, high- 
speed diesels snould be considered. Although the high-speed 
diesels weigh much more, the weight difference may be 
recovered due to the poor specific fuel consumption of 

small gas turbines. 

Table 1 lists the characteristics of some of the marine 
gas turbines available now or presently under development. 
The inputs required for the design sequence are normal SHP, 
maximum SHP, specific fuel consumption at normal SHP, shaft 
RPM, engine dry weight and engine length. As in reference 


12, the specific fuel consumption is approximated by: 


SHP | nf 
sro = |—— required ena) 
normal 
where: n= 0.25 if SHP og/SHP on > Ow 
MW= 0.75 itr SHP og / SHP nor <TO47 


' Off-design engine RPM is based on the corresponding 
pump RPM and the reduction gear ratio. It is assumed that 
the engine can develop the required power at the indicated 
shaft RPM. Good pump and gas turbine matching is achievable 
in waterjet systems. Maximum pump efficiency usually occurs 
along the same power—-RPM path as engine minimum specific 
fuel consumption. If the pump and engine are matched at the 
design point, they tend to be closely matched at most 


operating conditions. 
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The selection of engine type depends on many 
considerations. Operating engines close to maximum power 
is desirable because the best specific fuel consumption 
normally occurs at maximum power. Larger engines are normally 
better because of the general decrease in specific fuel 
consumption as engine size increases. The use of the fewest 
possible engines is desirable for simplicity and reliability 
reasons. The operational profile of a ship is also important. 
For ships that operate at many different speeds, it may 
be attractive to have slightly more, but smaller systems 
so that at certain speeds some systems could be shut down 
to achieve better fuel consumption. 

Because of limited engine availability, it is often 
necessary to use larger than optimum engines. At the 
present time, there is a significant lack of marine gas 
turbines in the 5,000 to 12,000 horsepower range. 

3.8 REDUCTION GEARS 

Planetary reduction gears are assumed because they 
are normally about half the weight and more compact than 
conventional spur or helical reduction gears. Due to their 
compactness, planetary gears can be placed low in the 
sidehull, while other types of reduction gears must be 
placed on the lowest complete deck. 

Planetary reduction gears have been built to handle 


up to 40,000 SHP at a maximum reduction gear ratio of 4: l. 
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The largest marine gas turbine, the FTA-C, has a SHP of 
36,800 so that planetary reduction gears do not constrain 
the waterjet system design. Large reduction gears are 
normally custom designed, so availability is not a 
controlling factor. 

The reduction gear ratio is determined by either the 
hump condition or cruise condition, depending on which 
horsepower level is closest to the normal horsepower rating 
of the selected engine. The reduction gear ratio is then the 
ratio of the pump RP to the engine RPM at normal horsepower. 

The weight of the reduction gear is estimated using the 
Dudley method. The Dudley method involves the use of two 
factors, K and Q. The gear tooth stress is approximately 
proportional to the square root of the gear's K-factor. A 
K-factor of 500 is representative of planetary gears proposed 
for surface effect ships. Q relates the gear's required 
geometry to the reduction gear weight and is defined as: 


Q = SHP(m, + 1)°/(nm,) (28a) 


where: SHP maximum horsepower required 


m, = reduction gear ratio 
n., = engine RPM at normal SHP 
The weight equation for planetary reduction gears is then: 


We = 9,5000Q/K (3.0.2) 


This weight includes the gear, casing oil reservoir, oil 
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pump and stub shaft. 

The use of planetary reduction gears does restrict 
the waterjet system design to one engine per pump. 
3.9 FUEL 

The fuel consumption is found by dividing the endurance 
time into many small time increments. The fuel required 
for each time increment is based on the average SHP required 
during that particular time period. 


War = (SFC )(SHP)( At) noe) 


where: WA = fuel weight consumed during a 
particular time period (1b) 


SFC = fuel consumption rate corresponding 
to the average SHP (1b/HP-hr) 


SHP 


average SHP required during 
particular time period 


The fuel weight used is then subtracted from the total 

ship weight and a new drag for the ship is calculated using 
a constant weight-to-drag ratio. The weight—-to-drag ratio of 
an actual surface effect ship will not remain constant, but 
will decrease slightly as ship displacement decreases. The 
percent decrease is greater on a small SES than on a large 
SES. For the 2,000 ton example, the fuel weight represents 
only about 15 percent of the total displacement. Therefore, 
the assumption of a constant weight-to-drag ratio does not 
introduce any significant errors. For small surface effect 


Ships and those that have a high ratio of fuel weight to 
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ship displacement, the variation of the weight-to-drag 
ratio as fuel is consumed should be accounted for. 

Since the jet area is constant and Q = Vaaas equation 
mepecen be rewritten as: 


2 
As Py(Vs - Vyvs) = R + iy p,AsVAV, (BRSr2) 


where: R = ship drag after fuel weight is removed (ib) 
V, = required jet velocity for new R (ft/sec) 
The required jet velocity is the only unknown in equation 


3.9.2 and can therefore be solved for. 


The new shaft horsepower required is then: 


Pubs Lv “/(Nyz28) 7 Vin Nog/26 Wieoine ae 4 
SHP = eS << 7, = (3.9.3) 
p ‘E 

The fuel for the next time increment is calculated 
using the new SHP calculated in equation 3.9.3. 

If there is an odd number of waterjet systems per 
Sidehull, the fuel consumption is based on the middle system. 
The assumption made is that the larger amount of fuel required 
for the forward system will be offset by the smaller amount 
of fuel required by the after system. 

If there is an even number of waterjet systems per 


Sidehull, the decrease in fuel required by the after system 


is subtracted from the total fuel weight. 
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3.10 AIR CUSHION SYSTEM 

A surface effect ship is supported partially by the 
sidehull buoyancy, but mostly by a cushion of air. Normally, 
10 to 20 percent of the total propulsive horsepower is 
required to operate the air cushion system. The air cushion 
system is normally designed before the rest of the propulsion 
system because of its large impact on ship drag. It is 
possible that the lift fans and propulsors could be operated 
off the same engines, but this leads to complicated and 
less reliable systems. 

Mire Optimization of the air cushion pressure is a 
function of such variables as length-to-beam ratio, payload 
weight ratio, range, operating environment, seal design 
and stability requirements. The controlling variables are 
the payload weight ratio and the seal design. Increasing 
the payload weight ratio will require higher cushion pressures 
and an increased drag if the total displacement is not 
allowed to change. 

The momentum drag of the air cushion represents an 
important part of the total ship drag. The total ship drag 
is assumed to be known in this report which therefore 
requires that the air cushion system design must have been 
completed. 

There are two areas in which the air cushion system 


has a direct effect on the propulsor design. First, up to 


AA = 





10 percent of the air cushion horsepower can be recovered 

as a jet thrust through the rear seals. The percent recovered 
is a function of seal design, cushion pressure and forward 
speed. The jet thrust recovered through the seals represents 
less than 2 percent of the total thrust. The second effect, 
is that as fuel for the air cushion system is consumed the 
drag of the ship will decrease. In the 2,000 ton example, 
the total fuel weight represented about 13 percent of the 
ship weight. This indicates that the fuel for the air 
cushion system would represent between 1 and 3 percent of 

the ship's total weight. 

The total effects of the air cushion system on the 
waterjet design are small and are not considered in this 
report. 

Including the air cushion system would not make the 
waterjet propulsion system more competitive with a propeller 
system. The resultant effects of the air cushion system 


are independent of the propulsor type used. 
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4. RESULTS 


Five different surface effect ships were analyzed to 
provide examples of waterjet propulsion system performance 
and characteristics. All the ships had a 2,000 ton 
displacement and an 80 knot cruise speed. The only 
characteristics that did vary were the length-—to-beam ratio, 
hump speed, hump drag, cruise drag and the engine type. 


These characteristics are: 


Ship Length/ Hump Hump Cruise Engine 
Beam Ratio Speed Drag Drag Type 

L ges 3, ay 440,000 223,000 FT9D 

2 26 30 By25) (OOS 230,000 FT QOD 

3 3.0 38 265,000 235000 FT QD 

4 4.0 AD 210,000 ea 000 FTOD 

5 ZO 30 B25, COC 230,000 LM2500 

4.1 JET VELOCITY RATIO EFFECTS 


The jet velocity ratio was the only independent variable 
in the design process. All the other terms were either 
inputs or dependent on the jet velocity ratio and inputs. 

The jet velocity ratio was increased in steps until a 
limiting constraint was encountered. Figures 6 and 7 
present changes in the system component weights for an 
increasing jet velocity for Ship 2. The numbers were 
different, but the basic trends were the same in all ships 
analyzed. 


From the weight summaries, it can be seen that the 
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inlet system represents only about 7 percent of the total 
system weight, while the fuel weight (1,000 mile range) 
represents about 76 percent of the total system weight. The 
inlet system, however, is the controlling component in 
establishing the jet velocity ratio for a minimum weight ratio. 
For Ship 2, the inlet system weight decreased by 24 tons over 
the range of feasible jet velocity ratios while the maximum 
change in fuel weight was only 4 tons. 

The maximum net propulsive efficiency occurs at a much 
lower jet velocity ratio. For the five ships considered, 
the jet velocity ratio for maximum net propulsive efficiency 
had a system weight 4 to 6 percent greater than the minimun 
weight system. Conversely, the minimum weight system had 
anet propulsive efficiency which was 3 to 5 percent less 
than the maximum possible net propulsive efficiency. 
However, due to poorer engine performance at lower power 
levels, not all the gains in net propulsive efficiency were 
reflected in fuel useage. The minimum weight system used 
less than 2 percent more fuel than the system with maximum 
propulsive efficiency. As the length-to-beam ratio decreased, 
the percent savings in fuel useage between the minimum weight 
System and the system with the maximum net propulsive 
efficiency also decreased. 

Using the net propulsive efficiency leads to a better 


design than using the overall propulsive efficiency. The 


eg 





overall propulsive efficiency does not penalize the system 
which has a high inlet system drag, since the thrust required 
is a function of the hull drag and the inlet system drag. 
The results show that the lowest cruise horsepower requirement 
occurs at the same jet velocity ratio as the maximum net 
propulsive efficiency. The jet velocity ratio for maximum 
net propulsive efficiency is always higher than the jet 
velocity ratio for maximum overall propulsive efficiency. 

Beside tne system weight and the propulsive efficiency, 
the other controlling parameter is the pump cavitation level. 
The suction specific speed is a good indicator of the amount 
of cavitation. In all cases, the cruise suction specific 
speed decreased with an increasing jet velocity ratio, while 
the hump suction specific speed increased with an increasing 
jet velocity ratio. 
4.2 LENGTH-TO-BEAM RATIO EFFECTS 

Changing the length-to-beam ratio for a surface effect 
ship will cause significant changes in the cruise drag, 
hump drag and hump speed. Figure 9 shows the effect of the 
length-to-—beam ratio on cruise drag and hump drag. The 
changes in drag and ship speed will have an effect on all 
the components of the waterjet system. The results for 
Ships 1, 2, 3 and 4 demonstrate these effects. 

Figure 10 shows the effect of a changing length-—to-beam 


ratio on the minimum weight ratio attainable. The results 
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indicate that for the 2,000 ton class, a length—-to-beam 
ratio of about 3 is best for obtaining the minimum weight 
ratio. Ship 3 (L/B = 3) is superior to Ship 2 (L/B = 2) 
Because Of the constraining effect of Ship 2's hump drag. 
Both ships were constrained by the hump horsepower, but 
Ship 3 reached a much higher jet velocity before this 
limiting constraint was reached. When these two ships are 
compared at the same jet velocity ratio, Ship 2 has a lower 
weight ratio. Figures 11, 12 and 13 show the system component 
weights as a function of the length-to-beam ratio. 

Comparing propulsive efficiencies, Figure 14, with 
length-to-beam ratios is somewhat misleading, in that the 
differences in drag will result in different power levels 
at hump and cruise speeds. A better comparison can be made 
On a basis of fuel and horsepower requirements at the jet 
velocity ratio corresponding to the maximum net propulsive 
efficiency. Figure 15 shows the shaft horsepower requirements 
at different length-to-beam ratios for the minimum weight 
ratio system and the maximum propulsive efficiency system. 
Generally, low length-to-beam ratios have lower power 
requirements near cruise speed while high length-to-beam 
ratios have lower power requirements near hump speed. At 
Cruise speed, a length-to-beam ratio of 2 results in the 
best fuel consumption. 


Figure 16 presents the pump suction specific speed for 
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for changing length-to-beam ratios. The cruise suction 
specific speed favors a low length-to-beam ratio while the 
hump suction specific speed favors a high length-to-beam 
ratio. The hump suction specific speed is much higher than 
that at cruise speed and therefore for pump design purposes 
a high length-to-beam ratio is desirable. 

Ship 1 (L/B = 1.5) required two more engines than Ships 
2, 3 and 4 due to the hump power requirements. This system 
was competitive with the other systems on a weight basis 
only if cruising is performed on 4 engines. 

For the 2,000 ton class SES, a length-to-beam ratio 
between 2 and 3 appears to be the best. The final selection 
of the length-to-beam ratio depends upon the relative 
importance of system weight, system efficiency and pump 
performance. 

4.3 EFFECTS OF ENGINE SIZE 

The impact of the number of individual waterjet systems 
was analyzed by comparing Ship 2 and Ship 5. Ship 2 used 
4 FTOD gas turbines while Ship 5 used 6 LM2500 gas turbines. 
These two types of gas turbines were selected because the 
total combined horsepower and the specific fuel consumption 
rates were approximately equal. 

A waterjet system weight comparison shows Ship 2 to be 
Bee tons lighter than Ship 5. Ship 2 has larger reduction 


gear, pump and inlet system weights, while Ship 5 has larger 
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engine, fuel, pump-to-nozzle pipe and nozzle weights. 
Generally, poorer performance characteristics in smaller 
engines will cause much larger increases in fuel weights. 

A comparison of the pump data shows that the design 
with fewer engines has larger, but slower pumps. For Ship 2, 
the pump RPM, suction specific speed and blade tip velocity 
are all lower than those on Ship 5. Due to these better 
pump characteristics, Ship 2 is able to operate at a higher 
jet velocity ratio, which leads to the lower system weight. 

The reliability and maintainability of Ship 2 will be 
better because of fewer components and better pump 
characteristics. 

4.4 DISPLACEMENT OPTIMIZATION 

The optimization of ship displacement for a given 
waterjet propulsion system with 4 FT9D gas turbines was 
computed for ships with length-to-beam ratios of 1.5, 2, 

3 and 4. The results, shown in Figure 17, indicate that a 
length-to-beam ratio of 3 has the largest optimum ship 
displacement. The optimum ship displacement for maximum 
propulsive efficiency was the same as the optimum 
displacement for the minimum system weight ratio. 

Figure 18 shows a typical system weight ratio versus 
yet velocity ratio curve. The slope of this curve at the 
point where the limiting constraint (available power or 


pump suction specific speed) is reached, indicates the 
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direction in which the displacement should change. A 

negative slope indicates the displacement should be decreased 
while a positive slope indicates the displacement should 
increase. The optimum displacement will occur as the 

absolute value of the slope decreases. In most cases it 
occurs before the slope actually reaches zero. The optimum 
displacement in the ships studied, with the exception of 

the ship with a length-to-beam ratio of 1.5, had less than a 
one-half percent improvement in either the minimum weight 
ratio or the maximum propulsive efficiency. This is due to 
the fact that the engines and the ships are very well matched 
in these particular cases. For the ship with a length-to-beam 
ratio of 1.5, the displacement had to be reduced significantly 
just to have enough power to accelerate through the hump 


region. 
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5. CONCLUSIONS 


The relatively high system weight and low propulsive 
efficiency of waterjet propulsion are the major disadvantages 
when compared to other types of propulsion systems. 

Any attempts at reducing the system weight should be 
directed toward the fuel weight, which represents over 
7O percent of the system weight. Gas turbines such as the 
LM2500 and the FT9D have excellent svecific fuel consumption 
rates making it doubtful that a reduction in system weight 
could be obtained by using different engines. The high fuel 
weight is caused by the low efficiency of the system. 
Although small improvements in the flush inlet system or the 
internal efficiency may be possible, only a small improvement 
in the overall system efficiency would result. A 10 percent 
increase in internal efficiency will result in less than a 
1 percent increase in overall system propulsive efficiency. 

The possibility of improving the propulsive efficiency 
or minimum weight ratio by optimizing the ship displacement 
does not appear to offer any significant improvements for 
the 2,000 ton class. The non-propulsion system considerations 
Will probably have a much more important effect on the ship 
displacement selected. If the engines and the contemplated 
ship displacement are not well matched, optimizing the ship 


displacement will result in significant improvements. 
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Length-to-beam ratios between 2 and 3 plus the fewest 
possible number of engines appear to give the best results 
for either maximum efficiency or minimum system weight. 

Pump suction specific speed favors high length-to-beam 
ratios at hump speed and low length-to-beam ratios at cruise 
speed. At length-to-beam ratios of 2 or less, the fuel 
weight for the system with maximum net propulsive efficiency 
and the minimum weight ratio system is about the same. 
Therefore, for low length-—to-beam ratios, the minimum system 
weight optimization appears to be the best. At high length- 
to-beam ratios the best optimization technique will depend 
on the relative importance of system weight, system efficiency 
and pump cavitation levels. 

In conclusion, it appears that significant improvements 
cannot be made in either waterjet system weight or net 
propulsive efficiency. Minor improvements will occur as 
more experimental data on flush inlets, diffusers, axial- 
flow pumps and ship drag becomes available. Waterjet 
propulsion for surface effect ships will remain a good 
alternative due to system simplicity, reliability and 


maintainability. 
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Figure 1 — VARIATION OF SHIP DRAG-TO-WEIGHT RATIO WITH 
SHIP SPEED FOR A 2,000 TON FAMILY OF SURFACE 
EFFECT SHIPS 
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Figure 3 - WATERJET SYSTEM ARRANGEMENT FOR SURFACE 
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Figure 5 - VARIATION OF NOZZLE EFFICIENCY WITH THE 
NOZZLE EXIT DIAMETER-TO-INLET DIAMETER 
RATIO (d/D) FOR A LONG RADIUS NOZZLE 
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Figure 8 ~- VARIATION OF SHAFT HORSEPOWER PER ENGINE WITH 
JET VELOCITY RATIO FOR A 2,000 TON SES USING 
4 FTOD GAS TURBINES 
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Figure 9 - VARIATION OF HULL DRAG WITH SHIP LENGTH-TO-BEAM 
RATIO FOR A 2,000 TON SES 
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Figure 10 - VARIATION OF WATERJET SYSTEM WEIGHT-TO-~SHIP 
DISPLACEMENT RATIO WITH SHIP LENGTH-TO-BEAM 
RATIO FOR A 2,000 TON SES USING FT9D GAS 
TURBINES 
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Figure 11 - VARIATION OF WATERJET SYSTEM COMPONENT WEIGHTS 
(AT MAXIMUM NET PROPULSIVE EFFICIENCY) WITH THE 
SHIP LENGTH-TO-BEAM RATIO FOR A 2,000 TON SES 
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Figure 12 - VARIATION OF WATERJET SYSTEM COMPONENT WEIGHTS 
(AT THE MINIMUM SYSTEM WEIGHT RATIO) WITH THE 
SHIP LENGTH-TO-BEAM RATIO FOR A 2,000 TON SES 
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Figure 13 -— VARIATION OF WATERJET SYSTEM WEIGHTS WITH 
SHIP LENGTH-TO-BEAM RATIO FOR A 2,000 TON 
SES WITH FT9D GAS TURBINES 
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Figure 15 - VARIATION OF SHAFT HORSEPOWER PER ENGINE WITH 
SHIP LENGTH-TO-jBEAM RATIO FOR A 2,000 TON SES 
WITH 4 FT9D GAS TURBINES 
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Figure 16 - VARIATION OF PUMP SUCTION SPECIFIC SPEED WITH 
SHIP LENGTH-TO-BEAM RATIO FOR A 2,000 TON SES 
USING 4& FT9D GAS TURBINES 
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Figure 17 - VARIATION OF OPTIMUM SHIP DISPLACEMENT WITH 
SHIP LENGTH-TO-BEAM RATIO FOR 4& FT9D GAS 
TURBINES 
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Figure 18 - REPRESENTATIVE VARIATION OF WATERJET SYSTEM 
WEIGHT RATIO WITH JET VELOCITY RATIO 
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Figure 19 - INLET DRAG COEFFICIENT FOR VARYING ASPECT RATIO 
INLETS (reference 1) 
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Figure 2O - DESIGN SPEED OVERALL INTERNAL EFFICIENCY 
FOR VARYING ASPECT RATIO INLETS (reference 1) 
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Figure 21 - HUMP SPEED OVERALL INTERNAL EFFICIENCY FOR 
VARYING ASPECT RATIO INLETS (reference 1) 
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Figure 22 - TOTAL INLET SYSTEM WEIGHT COEFFICIENT FOR 
VARYING ASPECT RATIO INLETS (reference 1) 
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igure 24 - INLET DRAG COEFFICIENT FOR 2.5 ASPECT RATIO 
INLETS (reference 1) 
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Figure 24 —- DESIGN SPEED OVERALL INTERNAL EFFICIENCY 
FOR 2.5 ASPECT RATIO INLETS (reference 1) 
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Figure 25 - HUMP SPEED OVERALL INTERNAL EFFICIENCY 
FOR 2.5 ASPECT RATIO INLETS (reference 1) 
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Figure 26 - TOTAL INLET SYSTEM WEIGHT COEFFICIENT FOR 
2.5 ASPECT RATIO INLETS (reference 1) 
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APPENDIX A 
COMPUTER RESULTS 


The computer results of the surface effect ships studied 
are presented in 4 page groups. The first page lists the 
general ship characteristics. The second page presents a 
table of summary data for all the acceptable jet velocity 
ratios. The third page presents the complete system data 
for the minimum weight ratio system. The fourth page 
presents the complete system data for the maximum net 
propulsive efficiency system. 


The results for the 2,000 ton SES presented are: 


Length/ Cruise Hump Engine Pages 
Beam Ratio peed peed Type 
4.0 80 45 FTSD 85 - 88 
5.0 80 38 FT 9OD 93 —- 96 
2.0 80 30 FTOD 1OL —- 104 
20 80 30 LM2500 105 - 108 
1.5} 80 27 FT 9D 109 - lle 


The results for the optimum displacement of an SES 


using 4 FTOD gas turbines presented are: 


Length/ Cruise Hump Displacement Pages 
Beam Ratio Speed Speed 
4.0 80 45 2050 Bo eee 
BO 80 38 2100 97 - 100 
2.0 80 30 2000 LOL -— 104 
i. 80 o7 1600 113 - 116 
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¥#* SES WATERJET PROPULSION SYSTEM WITH FLUSH INLET *** 


SHIP CHARACTERISTICS 


CRUISE HUMP 
VELOCITY, KNOTS 80.0 45.0 
SHIP DRAG, LBS 241000. 210000. 
_ ACCELERATION COEFFICIENT 1.00 1.20 


LENGTH-TO-—BEAM RATIO. ccc ccc ccccccccccs 4.00 
DISPLACEMENT 5 LONG TFOWS. @o@ee8c8cmethmUmGhmUchOUh]OLCUHOLhUcMhOLhUh HL HG O 2000. 
ENDURANCE, NAUTICAL MILES... ceceeeeeee 1LOOO. 
GAS TURBINE PLANT SELECTED.....ee..025 FT QD 
REQUIRED NUMBER OF GAS TURBINES ...sce¢. 4. 


INLET ASPECT RATIO. .ccccccccccccccccccccccccces VARYING 
HEIGHT OF DIFFUSER OUTLET ABOVE BASELINE....... 6.5 FEET 
HEIGHT OF PUMP CENTERLINE ABOVE BASELINE....... 6.5 FEET 
HEIGHT OF OUTSIDE WATERLINE ABOVE BASELINE..... 2.0 FEET 
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SYSTEM WEIGHTS AT MIN. TOTAL WEIGHT RATIO, VJVO = 2.471 


eee TX EEXHXX—- 653600.00 
REDUCTION GEAR *= 12534.08 
FUEL **********¥*= 650575. 38 
PUMP DRY *******= 19014.52 
mee WATER *****= 4138.89 
INLET SYSTEM ***= 38816.45 


TRANSITION PIPE ****= 
TRANSITION WATER ***= 
PUMP-TO-NOZZLE PIPE = 
PUMP=-TO-NOZZLE WATER= 


NOZZLE **¥¥KKKKXKKEKEKR 
NOZZLE WATER *******= 


TOTAL WEIGHT = 789746.00 LBS OR 352.57 LONG TONS 


PUMP DATA 


NUMBER OF STAGES *= 4. 
PUMP RPM-CRUISE **= 1421.28 
PUMP EFF.-CRUISE *= 89.6455 
De SPEC. SP.-CRUISE= 7240.23 
Mae edele—CRUISE KX = 195.39 
PUMP HEAD-CRUISE *= 1632.00 
PUMP INLET DIA. **= 2.6869 
FLOW COEF.-CRUISE = 0.1529 
TIP VELO.-CRUISE *= 199.95 
PUMP FLOW-CRUISE *= 157.70 


INLET DRAG-CRUISE = 11237.1 


MISCELLANEOUS 


INLET AREA-CRUISE *= 2.9178 
INLET HEIGHT-CRUISE= 0.9085 
Mes WIDTH *******¥= 3.2116 
VARIABLE AREA FACT.= 1.6141 


TRANS. PIPE LENGTH = 0.0000 
NOZZLE INLET DIA. *= 1.3182 


PUMP RPM-HUMP ******. 
PUMP EFF.—-HUMP *****- 
Se SPEC. SP.-HUMP **= 
Ngee sie nUni ~ see eS 
PULL HEAD=HUMP *****= 
PUMP LENGTH ********= 
FLOW COEF.-HUMP ****= 
TIP VELO.-HUHP *****= 
PUMP FLOW-HUMP *****= 


TOTAL RESIST .-CRUISE= 


SYSTEM DATA 


INLET AREA-HUMP *****= 
GEE Decree Wie, 9% = 
INLET DIFFUSION RATIO= 
REDUCTION GEAR RATIO = 


NCZZ2bE BENG I = *e ee%™ — 
NOG o aie Din, ***n= 


PUMP-TO-NOZZLE PIPE DIAMETER — PEED *##*# XH XHXHKHKKKL 
PUMP-TO-NOZZLE PIPE THICKNESS - INCHES ******#xxx#eHx_ 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 - FEET *****= 
PUNP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 - FEET *****= 


Sasa 


WEES) CONG, 
91.0529 
12399.32 
80.61 
1424.70 
Die ay 
0.1500 
185.00 
143.18 


CD28 trl 


4.7097 
1.4665 
3.5349 
2.5329 


2.6364 
0.7755 


Vesioee 
0.3385 
0.0000 
38.4300 





SYSTEM WEIGHTS AT MAX. NET PROPULSIVE EFF., VJVO = 1.911 


Gani *****XXXK—- 53600.00 TRANSITION PIPE ****= 0.00 
REDUCTION GEAR *= 16215.30 TRANSITION WATER ***= 0.00 
FUEL **¥****X***XX= 6 36251.69 PUMP-TO-NOZZLE PIPE = 3834.68 
PUMP DRY *****x*—= 27005.64 § PUMP-TO-NOZZLE WATER= 11539.69 
PuMre WATER *****= 6979.70 NROPAAANIN EE, or taal st FF 497.82 
INLET SYSTEM ***= 682309.56 NOZAieeWATE haan kee eS ea 5c 
TOTAL WEIGHT = 839475.56 LBS OR 374.77 LONG TONS 
PUMP DATA 

NUMBER OF STAGES *= 2 

PUMP RPM-CRUISE **= 1108.30 PUMP RPM—-HUMP ******- S28 
PUMP EFF.-CRUISE *= 87.8049 PUMP EFF.-HUMP *****= 91.4108 
5. SPEC. SP.-CRUISE= 7253.43 Se SPEC. SP.-HUMP **= 11603.80 
Mere dele —-CRULSE ¥¥= 195.39 N.P.s-eH.-HUMP RKEKKKS 80.61 
PUMP HEAD-—CRUISE *= 924.11 PUMP HEAD-HUMP *****= Wao ae 
PUMP INLET DIA. **= 3.4413 PUMP LENGTH ********= 6.1599 
FLOW COEF.-CRUISE = 0.1540 FLOW COEF.-HUMP ***¥*= Oe 500 
TIP VELO.-CRUISE *= 199.70 TIP VELO.-HUMP *****= 177.00 
PUMP FLOW-CRUISE *= 260.29 PUMP FLOW-HUMP *****= econ fe 


INLET DRAG-CRUISE = 18547.2 


MISCELLANEOUS 
INLET AREA-CRUISE *= 4.8160 
INLET HEIGHT-CRUISE= 1.1708 
eee WIDTH **¥*Xe**X= 4.1133 
VARIABLE AREA FACT.= 1.5348 
TRANS. PIPE LENGTH = 0.0000 
NOZZLE INLET DIA. *= 1.6504 


PUMP—-TO-NOZZLE PIPE DIAMETER -— FEED **¥* XXX R KEKE HEKER KK 
meme —TO-NOZZLE PIPE THICKNESS — FEET ** 8X8 XRRKKRRERKK 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 — FEBT *****= 


PUMP-TO-NOZZLE PIPE 


-~ 88 - 


TOTAL RESIST.-CRUISE= 259547.1 


SYSTEM DATA 


INLET AREA-HUMP *****= 7.3914 

INLET HEIGHT-HUMP ***= 1.7970 

INLET DIFFUSION RATIO= 3.5131 

REDUCTION GEAR RATIO = 3.2482 

NOZZLE LENGTH *******= 3.3007 

NOZZLE EXIT DIA. ****= 1.1329 

AL Alosiou! 

OPC ho! 

0.0000 

LENGTH FOR SYSTEM 2 — FEET *****= 38.6400 





¥¥* SES WATERJET PROPULSION SYSTEM WITH FLUSH INLET *** 


SHIP CHARACTERISTICS 


| CRUISE 
VELOCITY, KNOTS 80.0 
SHIP DRAG, LBS 247025 

_ ACCELERATION COEFFICIENT 1, (010 


LENGTH-TO-BEAM POUL MINO teite cou erakel siedetere 6. 6 616-6re-6 4.00 
DISPLACEMENT, LONG TONS....cecceccesee 2050. 
ENDURANCE, NAUTICAL MILES. .ccccceeeeee lLOOO. 
GAS TURBINE PLANT SELECTED. .cccccceeee FL QD 
REQUIRED NUMBER OF GAS TURBINES....... é. 


INLET ASPECT PEBMIIE®) erate Jove reieterere ecetere eter etereie secs sss 06 ¢ 
HEIGHT OF DIFFUSER OUTLET ABOVE BASELINE....... 
HEIGHT OF PUMP CENTERLINE ABOVE BASELINE....... 
HEIGHT OF OUTSIDE WATERLINE ABOVE BASELINE..... 


mss) 


VARYING 
6B SMe 
6.5 FEET 
2.0 FEET 
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SYSTEM WEIGHTS AT MIN. TOTAL WEIGHT RATIO, VJVO = 2.471 


cn, *HXFEXKKK—- 53600.00 
REDUCTION GEAR *= 13021.26 
FUEL ***********. 661821.31 
See ky **¥***KX- 19565.58 
mee WATER *****= 4296.02 
Myon. SYOLEM ***= 40291.27 


TRANSITION PIPE ****= 
TRANSITION WATER ***= 
PUMP-TO-NOZZLE PIPE = 
PUMP-TO-NOZZLE WATER= 


NOZZLE *RRKRKKERHEKKHR 
NOAZEE WATER ****2e*— 


TOTAL WEIGHT = 803827.25 LBS OR 358.85 LONG TONS 


PUMP DATA 


NUMBER OF STAGES *z: 4 
PUMP RPM-CRUISE **= 1401.79 
PUMP EFF.-CRUISE *= 89.6633 
5S. SPEC. SP.-CRUISE= 7230.28 
Ses otle—C RULSE **F= 195.39 
PUMP HEAD-CRUISE *= 1627.96 
fore INLET DIA. **= 2.7205 
FLOW COEF.-CRUISE = 0.1531 
TIP VELO.-CRUISE *= 199.68 
PUMP FLOW-CRUISE *= 161.67 


INLET DRAG-CRUISE = 11520.0 


MISCELLANEOUS 


INLET ARBA-CRUISE *= 2.9913 
INLET HEIGHT-CRUISE= 0.9199 
See IDTH *******> 3.2517 
VARIABLE AREA FACT.= 1.6141 


TRANS. PIPE LENGTH = 0.0000 
MO44LE INLET DIA. *= 1.3523 


PUMP-TO-NOZZLE PIPE DIAMETER - 


PUMP RPH-HUNP ******— 
PUNP EFF .—-HUMP *****= 
Se SPEC. SP.-HUMP **= 
N Ale © S) acl eo ~HUIIP KKKKKKH 
PUP HEAD=HUMP *****= 
VERUNOCE! TUR CME gh tet ise att 
FLOW COBF.=-HUMP ***¥*¥= 
Peeve Orla Wie oe a Xm 
PUMP FLOW-HUMP *****= 


TOTAL RESIST .-CRUISE= 


SYSTEM DATA 


INLET AREA-HUMP *****= 
INLET HEIGHT-HUMP ***= 
INLET DIFFUSION RATIO= 
REDUCTION GEAR RATIO = 


NOZZLE LENGTH *****+**— 
NOAZiia ee: Din ~~ **— 


BPREETL HEE KREKEKKKEKEKKKEL 


mUMeE=—TO-NOZZLE PIPE THICKNESS — INCHES **# #44 #42 eH eee— 


PUMP-TO-NOZZLE PIPE LENGTH FOR 


SvoOUnNel = ene se **— 


0.00 
0.00 
2658.12 
7747 «96 
Ae OM | 
568.54 


1298.76 
SAL 10) 
MSS) o) 5 ye 
80.61 
areal aT) 
6.0666 
0.1500 
185.00 
146.79 


258544.9 


4.8281 
1.4848 
3.5349 
2.5681 


2.7046 
0.7852 


53 
0.0000 


PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 — FEET *****= 38.5200 


= Ole 





SYSTEM WEIGHTS AT MAX. NET PROPULSIVE EFF., VJVO = 1.911 


ENGINE *#**#*¥***#. 
REDUCTION GEAR *= 


53600.00 
16885 .86 


FUEL KKEKKKKKKKEKK 648190 . 69 


PUMP DRY *******x—- 27791.28 
PUMP WATER *****- 7245.72 
INLET SYSTEM ***= 85450.69 


TRANSITION PIPE ****— 
TRANSITION WATER ***= 
PUIIP-TO-NOZZLE PIPE = 
PUMP-TO-NOZZLE WATER= 


NOZZLE ¥XRKKRKRHKKEK KR 


ACEC NUNS oo oral 


TOTAL WEIGHT = 856651.94 LBS OR 382.43 LONG TONS 


NUMBER OF STAGES *= 
PUMP RPM-CRUISE **= 
PUMP EFF.-CRUISE *= 
De SPEC. SP.-CRUISE= 
et 6D ele —CRUISE K¥— 
PUMP HEAD-CRUISE *= 
PUMP INLET DIA. **= 
FLOW COEF.-CRUISE = 
TIP VELO.-CRUISE *= 
PUMP FLOW-CRUISE *= 


INLET DRAG-CRUISE = 19016.1 


MISCELLANEOUS 


INLET AREA-CRUISE *= 
INLET HEIGHT-CRUISE= 
orev LOT H ***x*x*— 
VARIABLE AREA FACT.= 


TRANS. PIPE LENGTH = 
NOZZLE INLET DIA. *= 


4.9377 
IER ELOISE 
4.1649 
1.5347 


0.0000 
1.6678 


PUMP DATA 
2 
1094.55 PUMP RPM-HUMP ******— 
87.8201 PUMP EFF.-HUMP *****= 
VOD S. SPEC. SP.-HUMP **= 
195.39 N.P.S.H.-HUMP *****#= 
923.68 PUMP HEAD-HUMP *****= 
3.4844 PUMP LENGTH ********= 
0.1540 FLOW COEF.-HUMP ****= 
199.70 TIP VELO.-HUMP *****= 
266.87 PUMP FLOW-HUMP *****= 


TOTAL RESIST .-CRUISE= 


SYOTEM DATA 


INLET AREA-HUMP ****¥*= 
INLET HEIGHT—-HUMNP ***¥= 
INLET DIFFUSION RATIO= 
REDUCTION GEAR RATIO = 


OZ eeelih ee 
NOVA ZAN UCIT IBM a 


PUMP-TO-NOZZLE PIPE DIAMETER — FEET ***##*# 44x X#XXHR 
PUMP-TO-NOZZLE PIPE THICKNESS -— FEET ******x#xHx#x%%— 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 - FEET *****= 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 - FEET *****= 38,7300 


Beg pei 


0.00 
0.00 


3906.29 
life rent 


ak Byles 


1284.24 


970.16 


91.4285 
11603.80 


80.61 
746.13 
6.2371 
0.1500 
177.00 
230.39 


266041.1 


foo 
cl oe 
35130 
3.2890 


Do 2299 
1.1472 


1.6678 
0.3622 
Q.0000 





#** SES WATERJET PROPULSION SYSTEM WITH FLUSH INLET *** 


SHIP CHARACTERISTICS 


CRUISE HUMP 
VELOCITY, KNOTS 80.0 38.0 
SHIP DRAG, LBS 235000. 265000. 

- ACCELERATION COEFFICIENT 1.00 1.20 


LENGTH—TO—BEAM UA ALOY so latoters: 5/0 e.6:606) suetene ee SAE, 
DISPLACEMENT, LONG Ono oie totekeletekerenenehelers 2000. 
ENDURANCE, NAUTICAL MILES. .ccceeeeeeeee LODO. 
GAS TURBINE PLANT SELECTED. .cccceceeee FL QD 
REQUIRED NUMBER OF GAS TURBINES.....-. 4 


INLET ASPECT GAM EO) ious coe 66 @ 0: orere tere leterelelanere ©. 6.866608 VARYING 
HIEGHT OF DIFFUSER OUTLET ABOVE BASELINE....... 6.5 FEET 
HEIGHT OF PUMP CENTERLINE ABOVE BASELINE....... 6.5 FEET 
HEOGHT OF OUTSIDE WATERLINE ABOVE BASELINE..... 2.0 FEET 


Began 
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SYSTEM WEIGHTS AT MIN. TOTAL WEIGHT RATIO, VJVO = 2.406 


eee, HERKKKKKH— = 53600.00 TRANSITION PIPE **¥**= 0.00 
REDUCTION GEAR *= 12469.02 TRANSITION WATER ***= 0.00 
me SAE RKKHKKKK- 629295 87 PUMP-TO-NOZZLE PIPE = 2765.07 
ee DRY *******X= 19613.06 PUMP-TO-NOZZLE WATER= 7656.14 
moe WATER ****¥¥= 4309.62 INO ZA PES B hal TN Mae yi 268.84 
INLET SYSTEM ***= 38991.81 IO PAVERS ae SILI LES ari tal lal aE 569.11 


TOTAL WEIGHT = 769538.31 LBS OR 343.54 LONG TONS 


PUMP DATA 


NUMBER OF STAGES *= 4 

PUMP RPM-CRUISE **= 1389.95 PUMP RPM-HUMP ******=- 1402.59 
PUMP EFF.-CRUISE *= 91.0676 PUMP EFF.-HUMP *****= 91.0728 
Se SPEC. SP.-CRUISE= 7314.29 5S. OPEC. SP.-HUMP **= 15539.43 
N.P.S.H.-CRUISE **= 189.92 IN| OJP cS) GialecTSNO PRN sehr se 69.43 
PUMP HEAD-CRUISE *= 1544.24 PUMP HEAD-HUMP *****= 1610.89 
Some INLET DIA. **= 2.7233 Jes Ufc! SU ye RC HY gtd al Sia 6.0730 
TIP VELO.-CRUISE *= 198.20 Ley EO g none | = eae 200.00 
PUMP FLOW-CRUISE *= 161.26 PUMP FLOW-HUMP *****= 159.02 


INLET DRAG-CRUISE = 11642.6 TOTAL RESIST.-CRUISE= 246642.6 


MISCELLANEOUS SYSTEM DATA 


INLET AREA-CRUISE *= 2.9837 INLET AREA~HUMP *****= 6.1942 
INLET HEIGHT-CRUISE= 0.9166 INLET HEIGHT-HUMP ***= 1.9029 
mee WIDTH **#***X*> 3.2552 INLET DIFFUSION RATIO= 3.5513 
VARIABLE AREA FACT.= 2.0760 REDUCTION GEAR RATIO = 2.5667 


TRANS. PIPE LENGTH = 0.0000 NOZZLE LENGTH *******= 2,6885 
NOZZLE INLET DIA. *= 1.3443 NOZZLE EXIT DIA. ***¥*¥= 0.7947 


mom TO-NOZZLE PIPE DIAMETER — FEET *¥¥#HRRRKEREREEFS = 3443 
Seer —-TO-NOZZLE PIPE THICKNESS — INCHES *#####eeeeERRES OQ. 3175 
PUMP~-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 — FEET *****¥= 0.0000 
PUMP~TO~NOZZLE PIPE LENGTH FOR SYSTEM 2 - FEET *****= 38.5300 


SROs. = 





SYSTEM WEIGHTS AT MAX. NET PROPULSIVE EFF., VIVO = 1.886 


Pee *X*XXXXKX—- 53600.00 TRANSITION PIPE ****= 0.00 
BeVUCTION GEAR *= 15451.75 TRANSITION WATER ***= 0.00 
ee eX EX EX 514743.81 PUMP-TO-NOZZLE PIPE = 3690.73 
eon yY ***¥XXXX- 27012.12 PUMP-TO-NOZZLE WATER= 11748.39 
mume WATER *****- 6981.88 NOG * Ax 5 ™ * taka ae 483.43 
Poet SYSTEM ***= 80610.56 NOAA Sih Ci heee =e O75 (OG 
TOTAL WEIGHT = 815598.37 LBS OR 364.11 LONG TONS 
PUMP DATA 

NUMBER OF STAGES *= 2 

PUMP RPM-CRUISE **= 1107.12 PUMP RPM—-HUMP ******=- 1054.37 
BUMP EFF.-CRUISE *= 90.4507 Je Op iD MI Ach MSs) cat coes ee nya 0, 


S. SPEC. SP.-CRUISE= 7421.73 
N.P.S.H.-CRUISE **= 189.92 
PUMP HEAD-CRUISE *= 900.99 
PUMP INLET DIA. **= 3.4416 
FLOW COEF.-CRUISE = 0.1550 
TIP VELO.-CRUISE *= 199.51 
PUMP FLOW-CRUISE *= 261.71 


INLET DRAG-CRUISE = 18894.3 


MISCELLANEOUS 


INLET AREA-CRUISE *= 4.8421 
INLET HEIGHT-CRUISE= 1.1771 
See WIDTH **#*****— 4.1137 
VARIABLE AREA FACT.= 1.9408 


TRANS. PIPE LENGTH 


0.0000 
NOZZLE INLET DIA. 1 


26652 


Em 


PUMP-TO-NOZZLE 
PUMP-T O-NOZZLE 
PUMP-TO-NOZZLE 
PUMP -T O-NOZZLE 


= Ome 


EPPE DEAMETER — FEET S*ReAAERARE LEX EX — 
Eee r el tCKND So = PR RI = oe ee a ee 
PREEeEENGIH FOR SYSTEM J — shen *****= 
PIPE LENGTH FOR SYSTEM 2 — FEET ***¥*¥*= 


N.P.S.H.-HUMP ******= = 69,43 
PUMP HEAD-HUMP *****= 846.04 
PUMP LENGTH ********= 6.1605 
FLOW COBF.-HUMP ****= 0.1500 
TIP VELO.-HUMP *****= 190.00 
PUMP FLOW-HUMP *****= 241.27 


TOTAL RESIST.-CRUISE= 253894.2 


SYSTEM DATA 


INLET AREA-HUMP *****= 9.3979 
INLET HEIGHT-HUMP ***= 2.2845 
INLET DIFFUSION RATIO= 3.4949 
REDUCTION GEAR RATIO = 3.2517 
NOZZLE LENGTH *******. 3.3304 
NOZZLE EXIT DIA. ****= 1.1435 
1.6652 
0.3430 
0.0000 
38.6400 





#*¥* SES WATERJET PROPULSION SYSTEM WITH FLUSH INLET *** 


SHIP CHARACTERISTICS 


} CRUISE HUMP 
VELOCITY, KNOTS 80.0 38.0 
SHIP DRAG, LBS 246750. 278250. 
- ACCELERATION COEFFICIENT 1.00 1.20 


LENGTH-TO-—BEAM 15d el See oe 3.00 
DISPLACEMENT, LONG TONS. cccccccccccces 2100. 
ENDURANCE, NAUTICAL MILES. .ccescceeeee 1000. 
GAS TURBINE PLANT SELECTED. .ccccccceee FL QD 
REQUIRED NUMBER OF GAS TURBINES....... 4 


INLET Aor ECT Re Un aN) argon e:-6-45 6 one © 6 06 ol orereneie-e 6 6.6.66 8.8 VARYING 
HEIGHT OF DIFFUSER OUTLET ABOVE BASELINE....... 6.5 FEET 
HEIGHT OF PUMP CENTERLINE ABOVE BASELINE....... 6.5 FEET 
HEIGHT OF OUTSIDE WATERLINE ABOVE BASELINE..... 2.0 FEET 


Oy = 





SGC r= 
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SYSTEM WEIGHTS AT MIN. TOTAL WEIGHT RATIO, VJVO = 2.406 


ENGINE *****¥**¥**¥- 53600.00 
REDUCTION GEAR *= 13484.79 
FUEL ***¥********= 652150.63 


een, es ***X*X=— 20752.09 
mone WATER *****= 4638.94 
Moe: SYOTEM ***= 41974.09 


TRANSITION PIPE ****= 
TRANSITION WATER ***= 
PUMP-TO-NOZZLE PIPE = 
PUiP-TO-NOZZLE WATER= 
NOZZLE ¥¥RRXKKKKRKHRER 


NOZZLE WATER *******= 


TOTAL WEIGHT = 798295.25 LBS OR 356.38 LONG TONS 


PUMP DATA 


NUMBER OF STAGES *= 4 
PUMP RPH-CRUISE **= 1354.85 
PUMP EFF.-CRUISE *= 91.1036 
Se SPEC. SP.-CRUISE= 7306.86 
fet .> eHe—-CRUISE XF= 189.92 
PUMP HEAD-CRUISE *= 1540.73 


PUMP RPM-HUMP ******= 
PUMP EFF.-HUMP *****= 
S. SPEC. SP.-HUMP **= 
N.P.S.H.-HUMP *¥*#***— 
PUMP HEAD-HUMP *****= 


moume INLET DIA. **= 2.7910 PUMP LENGTH ****¥***x= 
FLOW COEF.-CRUISE = 0.1537 FLOW COEF.-HUMP ****= 
TIP VELO.-CRUISE *= 197.99 TIP VELO.-HUMP *****= 
PUMP FLOW-CRUISE *= 169.39 PUNP FLOW-HUMP *****= 


INLET DRAG-CRUISE = 12228.9 TOTAL RESIST.-CRUISE= 


MISCELLANEOUS SYSTEM DATA 


INLET AREA-HUMP *****= 
INLET HEIGHT-HUMP ***= 
INLET DIFFUSION RATIO= 
REDUCTION GEAR RATIO = 


INLET AREA-CRUISE *= 3.1340 
INLET HEIGHT-CRUISE= 0.9394 
INLET WIDTH *******= 3,3360 
VARIABLE AREA FACT.=.2.6759 


NOZAbnE bei Dias “van % ee 
NOZ AiG Seesien eA 5 #7" aa 


TRANS. PIPE LENGTH = 
NOZZLE INLET DIA. *= 


PUMP-TO-NOZZLE PIPE DIAMETER ~ FEET #**X#X#XxxXHH XH 
PUMP-TO-NOZZLE PIPE THICKNESS — INCHES *##**X*Xx*#xe_ 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 -— FEET *****-= 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 - FEET *****= 


-~ 99 - 


0.00 
0.00 


2649.30 
8159.50 


264.71 
621.43 


Ne Loree ls 
91.1088 
15589.41 


69.43 


1612.49 


6.2239 
0.1500 
200.00 
N67 20 


258978 .9 


6.5058 
eo Oe 
3.5511 
2.6305 


0.8146 


1.3878 
0.2953 
0.0000 


38.7200 





SYSTEM WEIGHTS AT MAX. NET PROPULSIVE EFF., VJVO = 1.886 


ENGINE ********¥*- 53600.00 
REDUCTION GEAR *= 16741.55 
FUEL *¥*¥*¥***#****#. 637755. 38 
PUMP DRY *******¥= 28586.53 
PUMP WATER *****= Hoy 635 
INLET SYSTEM ***= 86803.69 


TRANSITION PIPE ****= 
TRANSITION WATER ***= 
PUNMP-TO-NOZZLE PIPE = 
PUIP-TO-NOZZLE WATER= 


NOZZLE *X¥XKHHEHHRKH KKK 


NOZZLE WATER *##**¥**= 


TOTAL WEIGHT = 848954.94 LBS OR 379.00 LONG TONS 


NUMBER OF STAGES *= 
ume RPM-CRUISE **= 
PUMP EFF.-CRUISE *= 
Se SPEC. SP.-CRUISE= 
Piet oD eHe-—CRUISE eX— 
PUMP HEAD-CRUISE *= 
Some INLET DIA. **= 
FLOW COLF.-CRUISE = 
TIP VELO.-CRUISE *= 
PUMP FLOW-CRUISE *= 


INLET DRAG-CRUISE = 19850.0 


MISCELLANEOUS 


INLET AREA-—CRUISE *= 
INLET HEIGHT-CRUISE= 
INLET WIDTH ******* = 
VARIABLE AREA FACT.= 


TRANS. PIPE LENGTH = 
NOZZLE INLET DIA. *= 


D1 10h8) fil 
1.2065 
Aes 
1.9407 


0.0000 
1.6995 


PUMP DATA 
2 
1080.19 PUMP RPM-HUMP ******. 
90.4830 PUMP EFF.-HUMP *****— 
MPa aval S. SPEC. SP.-HUMP **= 
189.92 NeP.SH.-HUMP *¥*¥****— 
900.22 PUMP HEAD-HUMP *****= 
Bee a PUMP LENGTH ******#**. 
Cr k5 50 FLOW COEF.-HUMP ****= 
199.51 TIP VELO.-HUNP *****= 
274.95 PUMP FLOW-HUIMP *****= 


TOTAL RESIST .-CRUISE= 


SYSTEM DATA 


INLET AREA-HUMP *****= 
INLET HEEGHT—HUMP ***= 
INLET DIFFUSION RATIO= 
REDUCTION GEAR RATIO = 


NOZZDE Sn G lige * =~ ****— 
NOZZLE ell via. Ae — 


PUMP-TO-NOZZLE PIPE DIAMETER — FEET ***#X*xxxxKKHHE KL 
PUMP-TO-NOZZLE PIPE THICKNESS ~— FEET **#*#¥x##xxHXKH_ 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 - FEET *****= 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 - FEET *****2 


- 100 - 


0.00 
0.00 


3835.58 
12237.74 


514.07 


1363.28 


1028.72 
91.4458 
14434.97 


69.43 
845.38 
6.3141 
0.1500 
190.00 
253.45 


266600.0 


9.8724 
34946 
323327 


Seo oot 
RSA ea 


1.6995 
0.3493 
0.0000 


38.8300 





#**¥ SES WATERJET PROPULSION SYSTEM WITH FLUSH INLET *** 


SHIP CHARACTERISTICS 


: CRUISE 
VELOCITY, KNOTS 80.0 
SHIP DRAG, LBS 230000. 

- ACCELERATION COEFFICIENT 1.00 


LENGTH—TO-BEAM RMI foro vores ete vanetete ie « e:euevecece 2.00 
DISPLACEMENT, LONG TONS. @@e@eeoeeeee#eee28s¢ @ 2000. 
ENDURANCE, NAUTICAL MILES..cccccccceee 1000. 
GAS TURBINE PLANT SELECTED. ..cccccceees FL QD 
REQUIRED NUMBER OF GAS TURBINES....... 4 


INLET ASPECT EAU iLO) aes ee eo: buena lee 16 onee: eierenelete etal ee e6.6 
HEIGHT OF DIFFUSER OUTLET ABOVE BASELINE....... 
HEIGHT OF PUMP CENTERLINE ABOVE BASELINE....... 
HEIGHT OF OUTSIDE WATERLINE ABOVE BASELINE..... 


- 101 - 


HUMP 

30.0 
325000. 

D0) 


VARYING 
6.5 FEET 
6.5 FEET 
2.0 FEET 
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SYSTEM WEIGHTS AT MIN. TOTAL WEIGHT RATIO, VIVO = 2.057 


ENGINE *********. 5 
REDUCTION GEAR *= 1 
FUEL **¥*¥*¥*¥*¥¥**¥*X*%= 60 
PUMP DRY ****#**¥= 3 
SuUme WATER *****= 

Meer SYOTEM ***= 5 


3600.00 
8941.25 
1769.94 
1054.92 
7848.17 
7120.17 


TRANSITION PIPE ****= 
TRANSITION WATER ***= 
PUMP-TO-NOZZLE PIPE = 
PUMP-TO-NOZZLE WATER= 
NOZZLE KERR KRKHEKKKRER 
NOZZLE WATER *******— 


TOTAL WEIGHT = 784767.50 LBS OR 350.43 LONG TONS 


NUMBER OF STAGES *= 


PUMP RPM-CRUISE **= 994.10 
PUMP EFF.-CRUISE *= 91.3071 
Se SPEC. SP.-CRUISE= 6108.71 
N.P.S»H.-CRUISE **= 185.81 
PUMP HEAD-CRUISE *= 1091.69 
moe INLET DIA. **= 3.3257 
FLOW COEF.-CRUISE = 0.1555 
met VELO.-CRUISE *= 173.10 
PUMP FLOW-CRUISE *= 212.80 
INLET DRAG-CRUISE = 15592.6 
MISCELLANEOUS 
INLET AREA-CRUISE *= 3.9373 
INLET HEIGHT-CRUISE= 0.9905 
ecco **XX*XX= 93,9751 
VARIABLE AREA FACT.= 2.7042 
TRANS. PIPE LENGTH = 0.0000 
NOZZLE INLET DIA. *= 1.5883 


PUMP DATA 


4 


PUMP REN—-HUMP **x**x— 
PUMP ase ts ili sant 
Se SPEC. SP.-HUMP **¥= 
Neo Hie nurm ea ee 
PUMP HEAD-HUMP *****¥= 
Pe eels id aa ae Se 
FLOW COBRF.—HUMP ****= 
TEE VemO HW a = rem 
PUMP FLOW-HUMP *****= 


TOTAL RESIST .-CRUISE= 


SYSTEM DATA 


INLET ARBA-HUMP *****= 
INLET HEIGHT-HUMP ***= 
INLET DIFFUSION RATIO= 
REDUCTION GEAR RATIO = 


NOZAG5 ENGI. ***AX*x— 
NOZZDE Ti ee ULEA. ****= 


PUMP-TO-NOZZLE PIPE DIAMETER — FEET *®*X### XE HEH HK 
PUNP-TO-NOZZLE PIPE THICKNESS ~— INCHES ****#xxxHxHH_ 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 - FEET *****= 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 - FEET *****2 


~ 103 - 


0.00 
0.00 
2463.90 
10688 .15 
290.43 
990.58 


1045.19 
91.3623 
Loos 
56.12 
1254.67 
74162 
0.1500 
alore S0le 
215.80 


245592 .6 


10.6473 
2.6785 
4.0132 
3.4444 


3.1766 
0.9873 


1.5883 
0.2411 
0.0000 
40.2100 





SYSTEM WEIGHTS AT MAX. NET PROPULSIVE EFF., VJVO = 1.857 


INLET DRAG-CRUISE = 19467.1 


MISCELLANEOUS 


INLET AREA-—CRUISE *= 4.9157 
INLET HEIGHT-CRUISE= 1.1296 
INLET WIDTH *******= 4.3517 
VARIABLE AREA FACT.= 2.5958 


0.0000 


TRANS. PIPE LENGTH = 
= Ibs FSI 


NOZZLE INLET DIA. * 


PUMP-TO-NOZZLE PIPE DIAMETER — FEET *#*# Xxx H HHH HR 
PUMP-TO-NOZZLE PIPE THICKNESS = INCHES **** xxx HH KHL 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 - FEET *****. 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 - FEET *****. 


BGiINK ******X*X***X—- 53600.00 TRANSITION PIPE ****= Q.00 
REDUCTION GEAR *= 19083.50 TRANSITION WATER ***= 0.00 
ee eee KKK— 600454 .69 PUIP-TO-NOZZLE PIPE = 2854.71 
Seay XE KKEK- = §=634336.61 PUMP-TO-NOZZLE WATER= 12918.05 
PUMP WATER KKKEK OS o.45 NOZZLE KHETKKHHEKKKKHHKR 384.40 
INLET SYSTEM ***= 79682.81 NOZZLE WATER *******= 1418.19 
TOTAL WEIGHT = 814106.19 LBS OR 363.44 LONG TONS 
PUMP DATA 
NUMBER OF STAGES *= 3 
PULP RPHM-CRUISE **= 940.48 PUMP RPH-HUMP ******= 954.73 
PUMP EFF.-CRUISE *= 91.4244 PUMP HFEF.-HUMP *****= 91.4904 
Mere -H.-CRUISE **= 185.81 RE See ee ORO NI sas cit Dorie 
PUMP HEAD-CRUISE *= 866.62 PUNE aeAvp—=HUNP sxe sx 934.88 
PUMP INLET DIA. **= 3.6408 FUME GENGLH *****x*xx= 71-3907 
FLOW COEF.-CRUISE = 0.1564 Poe C ORF o=—HUMNE = ***— 0.1500 
TIP VELO.-CRUISE *= 179.28 Tay Oe eee e 2200 
PUMP FLOW-CRUISE *= 265.68 PUP FLOW-HUMP *****= 2 OOS 


TOTAL RESIST.-CRUISE= 249467.1 


SYSTEM DATA 


INLET AREA—-HUMP *****= 12,7604 
INLET HEIGHT BUMP ***=> 2.9323 
INLET DIFFUSION RATIO= 3.8524 
REDUCTION GEAR RATIO = 3.7707 
NOZZLE LENGTH *******=- 3.4923 
NOZ7iE heir ****— 1.1611) 
1.7461 
0.2543 
0.0000 
40.1800 
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¥#* SES WATERJET PROPULSION SYSTEM WITH FLUSH INLET *** 


SHIP CHARACTERISTICS 


| CRUISE HUMP 
VELOCITY, KNOTS 80.0 30.0 
SHIP DRAG, LBS 230000. 325000. 
ACCELERATION COEFFICIENT 1.00 120 


LENGTH-TO—-BEAM eee tensions oe6 6 6 /e.0.6 6 666s 22 SONG, 
DISPLACEMENT, LONG TONS. ccccccccccccee 2000. 
ENDURANCE, NAUTICAL MILES. .cccecccesceee L000. 
GAS TURBINE PLANT SELECTED...2..ee0ee- LM 2500 
REQUIRED NUMBER OF GAS TURBINES....... 6 


INLET ASPECT RENEMIR@) Race vecerers: @ 9.10) 6.6) 006.606 ele letonehe ore ereletece VARYING 
HEIGHT OF DIFFUSER OUTLET ABOVE BASELINE....... 6.5 FEET 
HEIGHT OF PUMP CENTERLINE ABOVE BASELINE....... 6.5 FEET 
HEIGHT OF OUTSIDE WATERLINE ABOVE BASELINE..... 2.0 FEET 
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SYSTEM WEIGHTS AT MIN. TOTAL WEIGHT RATIO, VJVO = 1.970 


ENGINE *#****#****. 6 
REDUCTION GEAR *= 1 
FUEL ****¥####*¥K. 60 
PUMP DRY *******. 2 
mere WATER *****- 

Pest SYorEM ***= 5 


3000 .00 
4437-49 
6390.25 
8566.59 
6517.64 
3386.62 


TRANSITION PIPE ****- 0.00 
TRANSITION WATER ***= 0.00 
PUMP-TO-NOZZLE PIPE = 4398.90 
PUNMP=-TO-NOZZLE WATER= 21101.11 
NOZZLE 4H KRHEXK HERE RR 274.53 
NOZZLE WATER *******= 1025.30 


TOTAL WEIGHT = 799098.12 LBS OR 356.74 LONG TONS 


NUMBER OF STAGES *= 
PUMP RPM-CRUISE **= 
PUMP EFF.-CRUISE *= 
Se SPEC. SP.-CRUISE= 
N.P.S.H.-CRUISE **= 
PUMP HEAD-CRUISE *= 
PUMP INLET DIA. **= 
FLOW COEF.-CRUISE = 
TIP VELO.-CRUISE *= 
PUMP FLOW-CRUISE *= 


INLET DRAG-CRUISE = 


PUMP DATA 

g 
IES ts 6 hs PUMP RPM-HUMP ******= 1233.62 
91.1260 PUMP EFF .-HUIMP *****¥= 91.1228 
6236.98 Seo L ee ote Huge ene VoOTS Og 
aLie las Ste Bb N.Peo He —-HUMP HKKKKK— 56 PL 
985.85 PUMP HEAD-HUIP *****= 1109.00 
Bees 4 eRe SIBED NE CRU Oe ear tact 5.7199 
0) AL Gye FLOW COEP.-HUMP ****= 0.1500 
IMD ae TIP VELO.-HUNP *****= 182.00 
eco PUMP FLOW-HUMP *#****= 154.91 

17062 .6 


TOTAL RESIST .-CRUISE= 247062.6 


MISCELLANEOUS SYSTEM DATA 


INLET AREA-CRUISE *= 
INLET HEIGHT-CRUISE= 
Piet WIDTH *******— 
VARIABLE AREA FACT.= 


TRANS. PIPE LENGTH = 
NOZZLE INLET DIA. *= 


4.3085 
4.1248 


2.6609 . 


0.0000 
1.4135 


INLET AREA=HUMP *****= 11.4645 
INLET HEIGHT-HOMP ***= 2.°/794 
INLET DIFFUSION RATIO= 3.9490 
REDUCTION GEAR RATIO = 2.7561 


NOZGbe ew ouhol = ~*~ eee — 
NOAZnE EAT DLA, =***= 


2 


On 
ee 
CO CO 
OV 

kK OV 
COW 


Pee —LO-NOZZLE PIPE DIAMETER ~— FERT **¥¥xXRReRRREEERES = 4135 
ome —TO-NOZZLE PIPE THICKNESS — INCHES *¥*¥*¥X¥xeeeEERES 0.1943 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 —- FEET *****¥= 0.0000 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 -— FEET *****= 34.9600 
PUNP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 3 - FEET *****= 69.9200 
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SYSTEM WEIGHTS AT MAX. NET PROPULSIVE EFF., VIVO = 1.850 


ENGINE *¥*** #42 
REDUCTION GEAR *= 


6 3000.00 
14422.69 


FUEL *¥¥KRRXKHEKK 606904 063 


Seo ny ****XERX— 32557220 
mone WATER *****— Wieo ek 
INLET SYSTEM ***= 65865.75 


TRANSITION PIPE ****= 
TRANSITION WATER ***= 
PUNMP-TO-NOZZLE PIPE = 
PUIMP-TO-NOZZLE WATER= 
NOZZLE K¥RKKKKRKEK KKK 


NOZZLE WATER *******— 


TOTAL WEIGHT = 820678.62 LBS OR 366.37 LONG TONS 


NUMBER OF STAGES *= 
PUMP RPN-CRUISE **= 
PUMP EFF.-CRUISE *= 
S. SPEC. SP.-CRUISE= 
Met 6d eHe—CRUISE K¥= 
PUMP HEAD-CRUISE *= 
fue INLET DIA. **= 
FLOW COEF.-CRUISE = 
TIP VELO.-CRUISE *= 
PUMP FLOW-CRUISE *= 


INLET DRAG-CRUISE = 19627.4 


MISCELLANEOUS 


INLET AREA-CRUISE *= 
INLET HEIGHT-C RUISE= 
foe WIDTH *x#*xx*ex*— 
VARIABLE AREA FACT.= 


TRANS. PIPE LENGTH = 
NOZZLE INLET DIA. *= 


4.9562 
1.1351 
4.3661 
205917 


Q.0000 
1.5023 


PUMP DATA 
3 
1147.84 VEN PMN? Jes Rue 3 WUBIN elise 
91.1287 PUMP EFF.-HUMP *****= 
6461.38 Die Shel - oP «=-HUMP *¥— 
185.81 N.P.o eH.—HUMP KKEXKKR 
853.96 PUNE HEAD-HUMP *****= 
2.9825 Pe eosiGih s<xsxnk x 
Ol sal Sie ye FLOW COEF.-HUMP ****= 
179.25 TIP VELO.—HUMP *****- 
il 7fae a exe PUMP FLOW-HUMP *****= 


0.00 
0.00 


4751.68 
23838 .26 


Bece 


1165.44 
Oivee Ob 
15875.06 


DO eile 
923.48 
0.1500 
182.00 
173.56 


TOTAL RESIST.-~CRUISE = 249627. 


SLYOSTEM DATA 


INLET AREA~HUMP *****= 12,8451 


IOC E SEL OIE CoM NUR toast 
INLET DIFFUSION RATI1O= 
REDUCTION GEAR RATIO = 


SOZACAMEISS Tey COIs rei Se ered 
NOGGr i erelie Jk, «= =*= 


PUMP-TO-NOZZLE PIPE DIAMETER -— FEET *# #44 XX XH HH HR X HR 
PUMP-TO-NOZZLE PIPE THICKNESS - INCHES *******xx eR 
PUMP-£0-NOZZLE PIPE LENGTH FOR SYSTEM 1 - FEET *****= 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 - FEET *****= 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 3 - FEET *****= 70.7600 
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2.9420 
3.8464 
2-9173 


3.0047 
0.9536 


1.5023 
0.1976 
0.0000 


35.3800 





¥*¥* SES WATERJET PROPULSION SYSTEM WITH FLUSH INLET *** 


SHIP CHARACTERISTICS 


CRUISE HUMP 
VELOCITY, KNOTS 80.0 27.0 
SHIP DRAG, LBS 223000. 440000. 
ACCELERATION COEFFICIENT 1.00 120 


LENGTH~-TO-—BEAN fires legilS©)mawetallotoel.6 oes 6-6 oe) 667s 1.50 
DISPLACEMENT, LONG TONS .cccccccccsseee 2000. 
ENDURANCE, NAUTICAL MILES. cccccccceeee 1000. 
GAS TURBINE PLANT SELECTED. ...c.eeeeee- FI QD 
REQUIRED NUMBER OF GAS TURBINE Soaecsie.6 6 6 


MrT ASPECT RAT TOcccccccccccrcsccsccsccscsscsee VARYING 
meiGHT OF DIFFUSER OUTLET ABOVE BASELINE..-.ee- 6.5 FEET 
HEIGHT OF PULP CENTERLINE ABOVE Herel Hi ene eke. coce. G5 FEET 
HEIGHT OF OUTSIDE WATERLINE ABOVE BASELINE..... 2.0 FEET 
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SYSTEM WEIGHTS AT MIN. TOTAL WEIGHT iLO ye ovOr= 92.0c4 


ENGINE *#**##*####. 
REDUCTION GEAR *= 
FUEL **#4X¥X#HXS 8 
PUMP DRY ******¥*. 
Pune WATER *****= 
INLET SYSTEM ***= 


80400.00 
25180 .83 
95881 .56 
39466.41 
9102.52 
46238.93 


TRANSITION PIPE ****= 
TRANSITION WATER ***= 
PUMP-TO-NOZZLE PIPE = 
PUNMP-LTO-NOZZLE WATER= 
NOZZLE 4X KKK RHHKKH KKK 


NOZZLE WATER ***#*#**= 


TOTAL WEIGHT = 1126215.00 LBS OR 502.77 LONG TONS 


NUMBER OF STAGES *= 
PUMP RPN-CRUISE **= 


PUMP EFF.-CRUISE *= 87.9944 
Se SPEC. SP.-CRUISE= 4711.12 
NePeSeHe-CRUISE ¥¥— 184.86 
PUMP HEAD-CRUISE *= 1053.93 
FLOW COEF.-CRUISE = 0.1560 
TIP VELO.-CRUISE *= 145.05 
PUMP FLOW-CRUISE *= 142.30 
INLET DRAG-CRUISE = 15725.8 
MISCELLANEOUS 
INLET AREA-CRUISE *= 3.9492 
INLET HEIGHT-CRUISE= 0.9095 
met WIDTH *******— 4, 3424 
VARIABLE AREA FACT.= 3.4372 
TRANS. PIPE LENGTH = 0.0000 
NOZZLE INLET DIA. *= 1.3611 


PUMP-TO-NOZZLE PIPE DIAMETER — FEET *#*###44xxxHKHH HK 
PUMP-TO-NOZZLE PIPE THICKNESS -— INCHES *#*#*#*##4x#%— 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 -— FEET *****= 


PUMP DATA 


9 
SEED Sie. 


PUMP RPM-HUMP ******— 
EU shh HUME = Aa nes 
Sie SILUGe SP e-HUMP KEKS 
Nite. Osten UNE ** exe 
PUMP HEAD—-HUIMP *****= 
PUMP LENGTH ********— 
PROW CORE. =HUMP ****= 
TIP VELO.—-HUMP *****= 
PUMP FLOW-HUMP *****= 


TOTAL RESIST.-CRUISE = 


SYSTEM DATA 


Q.00 
0.00 
DVN BS 
23546.81 
896.96 


TuZ6.15 
91.1978 
15990 .97 
51.39 
TOCORDS 
72080 
0.1500 
175.00 
165.08 


238725. 


INLET AREA-HUMP *****¥= 13.5744 


INLET HEIGHT —HUPP 


NOZ2b GE Giii ****4**= 


KXXHR 


NOZZLE EXIT DIA. 


HEX 


INLET DIFFUSION RATIO= 
REDUCTION GEAR RATIO = 


Saeco 
4.7147 
3.1950 


Ce (fae 
0.8140 


BLS SiosLIL 


0.1997 
0.0000 


PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 — FEET *****= 39.9500 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 3 -— FEET *****= 79.9000 
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SYSTEM WEIGHTS AT MAX. NET PROPULSIVE EFF., VJVO = 1.744 


Sain *eXXXKKKX—- 8O400.00 TRANSITION PIPE ****- 0.00 
REDUCTION GEAR *= 24947.88 TRANSITION WATER ***= 0.00 
BU *XXEKKKKEKK— 89 3486.69 PUMP-TO-NOZZLE PIPE = 6687.61 
Pome DRY *******¥—= 43746.89 PUMP-TO-NOZZLE WATER= 31359.61 
PUMP WATER *****¥= 11363.47 NOZZLE ¥¥ RK REKKEK HH KK A035 .05 
Meee OYOT RM ***= 77005.31 NOZZLE WATER *******#= 1539.98 
TOTAL WEIGHT = 1170941.00 LBS OR 522.74 LONG TONS 
PUMP DATA 

NUMBER OF STAGES *= 3 

PUMP RPHW-CRUISE **= 869.32 PULP RPM-HUMP ******— 985.54 
PUMP EFF.-CRUISE *= 90.4186 PUMP EFF.-HUMP *****= 91.3901 
Se SPEC. SP.-CRUISE= 5197.81 Se OPEC. SP.-HUMP ***= 15990.96 
N.P.S.H.-CRUISE **= 184.86 Pie Ores Ube ao Mena 55.39 
PUMP HEAD-CRUISE *= 750.60 PUMP HEAD-HUMP *****= 1018.72 
fome INLET DIA. **¥= 3.3913 PUMP LENGTH *******+*— 6.8843 
FLOW COEF.-CRUISE = 0.1576 FLOW COEF.—-HUMP ****= 0.1500 
TIP VELO.-CRUISE *= 154.36 fee ve hO, HUMP +e ee x= i priele 
PUMP FLOW-CRUISE *= 199.93 PUMP FLOW—-HUMP *****— ea fit 


INLET DRAG-CRUISE = 22094.8 TOTAL RESIST .-CRUISE= 245094.8 
MISCELLANEOUS SYSTEM DATA 


INLET AREA-CRUISE *= 5.5487 INLET AREA-HUMP *****= 17.7430 


INLET HEIGHT-CRUISE= 1.1177 INLET HEIGHT=-HUMP ***= 3.5739 
INLET WIDTH *******= 4,9646 INLET DIFFUSION RATIO= 4.4419 
VARIABLE AREA FACT.= 3.1977 REDUCTION GEAR RATIO = 3.6528 
TRANS. PIPE LENGTH = 0.0000 NOZZUE GENGTH *******— 3.1415 
NOZZLE INLET DIA. *= 1.5707 NOZZLE EXIT DIA. ****¥= 1.0394 
ome —LO-NOZZLE PIPE DIAMETER — FEET **#REXRKRERHERKEES = 1 LOTOT 
PUMP-TO-NOZZLE PIPE THICKNESS ~ INCHES *# #¥####XXeHH= 0.2208 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 - FEET *****¥= 0.0000 


PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 —- FEET *****= 39.5400 
PUMP TO NOZZLE PIPE LENGTH FOR SYSTEM 3 -— FEET ****¥*= 79.0900 
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¥** SES WATERJET PROPULSION SYSTEM WITH FLUSH INLET *** 


SHIP CHARACTERISTICS 


CRUISE 
VELOCITY, KNOTS 80.0 
SHIP DRAG, LBS 178400. 
ACCELERATION COEFFICIENT 1.00 


LENGTH-TO—-BEAM FUP li@ etadabersiois oe) s/s 666 6.0"% ps 8, 
DISPLACEMENT, LONG HUG) PS rapetetevexers ee 6)eve one 6 1600. 
ENDURANCE, NAUTICAL MILES. ccccccccceee 1000. 
GAS TURBINE PLANT SELECTED. cccoccccccee FL OD 
REQUIRED NUMBER OF GAS TURBINES....... 4 


INLET ASPECT UpV BEG) igtat soo ates 6606) @ 616 0) 466 6166.6 6 06 6 6 66 
HEIGHT OF DIFFUSER OUTLET ABOVE BASELINE....... 
HEIGHT OF PUMP CENTERLINE ABOVE BASELINE....... 
HEIGHT OF OUTSIDE WATERLINE ABOVE BASELINE..... 
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HUMP 

27.0 
352000. 

1.20 


VARYING 
6.5 FEET 
6.5 FEET 
2.0 FEET 
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SYSTEM WEIGHTS AT MIN. TOTAL WEIGHT RATIO, VIVO = 1.742 


Pee, HEE RKKKKK— 5 3600.00 
REDUCTION GEAR *= 22721.66 
FUEL *¥*##**#¥*#%— 623358.63 
Seen **XXXEXKX- 36053.78 
meme WATER *****= 9989.48 
INLET SYSTEM ***= 67756.37 


TOTAL WEIGHT = 


TRANSITION PIPE ***#= 
TRANSITION WATER *** 
PULIP TO NOZZLE PIPE = 
PUMP TO NOZZLE WATER= 
NOZZLE *RHKRHKKK KEK KR 


HOO We Gt St eee eR 


830094.50 LBS OR 370.58 LONG TONS 


0.00 
0.00 


2040.02 


LACHES SHE 


BAM GOS 


1389.79 


898.74 


91.5201 
15990.97 


51.39 


1020.71 


75492 
0.1500 
175.00 
259.46 


196123.3 


Bode Shs 
4.4392 
4.0056 


3.4917 
1.1407 


PUMP DATA 

NUWBER OF STAGES *= 3 
PUMP RPM-CRUISE **= 790.19 PUMP RPM—HUIiP ***#**— 
PUMP EFF.-CRUISE *= 90.5610 Pe iene Aare 
Se SPEC. SP.-CRUISE= 5182.56 Se SPEC. SP.-HUMP **= 
N.P.SsH.-CRUISE **= 184.86 Neoteoelle=Hulin ****ie— 
PUMP HEAD-CRUISE *= 743.67 PUMP HEAD-HUMP *****= 
PUMP INLET DIA. **= 3.7188 AONE! ep Cie tt tio ta 
FLOW COEF.-CRUISE = 0.1582 FLOW COEF.-HUMP ****= 
TIP VELO.-CRUISE *= 153.86 TIP VELO.-—HUMP *****= 
PUMP FLOW-CRUISE *= 240.56 PUMP FLOW-—HUMP *****= 
INLET DRAG-CRUISE = 17723.3 TOTAL RESIST .-CRUISE= 

MISCELLANEOUS SYSTEM DATA 
INLET AREA-CRUISE *= 4.4509 INLET ARBA-HUMP *****¥= 14,2239 
INLET HEIGHT-CRUISE= 1.0013 INLET HEIGHT-HUMP *** 
meee WIDTH *****Xx*= 4.4450 INLET DIFFUSION RATIO= 
VARIABLE AREA FACT.= 3.1958 REDUCTION GEAR RATIO 
TRANS. PIPE LENGTH = 0.0000 NOZZLE EENGIT ** sear * 
NOZZLE INLET DIA. *= 1.7468 NOZZLE EXIT DIA. *** 


mr —TO—-NOZZLE PIPE DIAMETER — FERT ****XRRKHKEKE KE 
PUMP-TO-NOZZLE PIPE THICKNESS -— INCHES *#*#¥#¥X*XHKEEX 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 - FEET **** 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 — FEET **** 
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1.7458 
0.1824 
0.0000 


40.3700 





SYSTEM WEIGHTS AT MAX. NET PROPULSIVE EFF., VJVO = 1.742 


ENGINE ***#*####%. 
REDUCTION GEAR *= 


D 5000.00 
22759 80 


FUEL *#*#*##X#X#X— 6232979, 38 


Petty XXE*KXX— 36053.78 
meme WATER *****— 9989.48 
INLET SYSTEM ***= 67756.37 


TRANSITION PIPE ****- 
TRANSITION WATER ***= 
PUMP-TO-NOZZLE PIPE = 
PUMP-TO-NOZZLE WATER= 


NOZZLE 4¥XEKRRRKKKEKE 


NOZZLE WATER ***¥****#— 


TOTAL WEIGHT = 830040.87 LBS OR 370.55 LONG TONS 


NUMBER OF STAGES *= 
PUMP RPM-CRUISE **= 
PUMP EFF.-CRUISE *= 


SmeOr EC. Dre -CRUISE= Silver ee 


fee) He —-CRUISE ¥X= 
PUMP HEAD-CRUISE *= 
Peer INLET DIA. **= 
FLOW COEF.-CRUISE = 
TIP VELO.-CRUISE *= 
PUMP FLOW-CRUISE *= 


INLET DRAG-CRUISE = 17723.3 


MISCELLANEOUS 


INLET AREA-CRUISE *= 
INLET HEIGHT CRUISE= 
mGEL WIDTH *******— 
VARIABLE AREA FACT.= 


TRANS. PIPE LENGTH = 
NOZZLE INLET DIA. *= 


PUMP=TO-NOZZLE PIPE DIAMETER — FEET **#*###XxXKHHK HHH 
PUMP-TO-NOZZLE PIPE THICKNESS — INCHES **###¥x HHH HH 
PUMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 1 - FEET ***#*= 


4.4509 
1.0013 
4.4450 
3.1958 


0.0000 
1.7517 


PUMP DATA 
5 

789 63 PUMP RPM-HUMP ******— 
90.5610 PUMP EFF.=-HUMP *****= 
1 SEEG.< SP . -HUMP EK 

184.86 Nee oD ele —nuUle HHEKKE KH 
743.22 PUMP HEAD-HUMP *****= 
Seq iliers: SUP = OCH Gh Moscatel tee 
0.1583 FLOW COEF.-HUMP ****= 
Se 1D TIP VEnO.—HUMe *****— 
PANO SIS: PUMP FLOW-HUMP *****= 


TOTAL RESIST .-CRUISE= 


SYSTEM DATA 


0.00 
0.00 


1949.68 
13001 .01 


259.97 


1398.68 


898.74 


Ou DeOL 
US SISO A'S) 4) 


51-39 


O22 


75492 
0.1500 
al hon ele) 
259.46 


1612353 


INLET AREA-HUHP *****= 14,2239 


TUNIS (US AE Ci SUbT ekO NBA lat 
INLET DIFFUSION RATIO= 
REDUCTION GEAR RATIO = 


NOZZLE LENGTH *******— 
HHXKR 


NOZZLE EXIT DIA. 


501999 
4.4392 
4.0056 


Be 0 a> 
1.1407 


IES (Beet 
Ola les ete: 
QO .0000 


PUNMP-TO-NOZZLE PIPE LENGTH FOR SYSTEM 2 —- FEET *****= 40.3700 
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APPENDIX B 
COMPUTER PROGRAM DESCRIPTION 


This waterjet optimization computer program for surface 
effect ships is a modified and expanded version of the 
computer program presented in reference 6. This program 
optimizes the waterjet system on a basis of maximum net 
propulsive efficiency or minimum system weight ratio. It 
also is capable of optimizing the displacement of the ship 
for a given number of specified engines. The computer program 
consists of the main program and four subroutines. The 
Characteristics of up to fifteen different engines can be 
stored in the main program. 

After reading in the ship data and selecting the engines 
and inlet system, the main program call subroutine SEBSIN. 
This subroutine computes the inlet system internal efficiency, 
inlet drag coefficient and the ratio of entering water 
momentum velocity to ship speed at hump and cruise speeds. 
This subroutine is essentially a computerization of Figures 
19 through 26. 

The main program then computes the approximate jet 
velocity for maximum overall propulsive efficiency. Using 
this jet velocity ratio, an assumed efficiency (pump and 
reduction gear) of .865 and neglecting the pump-to-nozzle 


Pipe, the program computes the number of engines required. 
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With the number of engines known, the flow rate per system 
is determined and subroutine PIPE is called. Subroutine 
PIPE returns the head loss due to the pump-—to-nozzle piping. 
The main program then recomputes the number of engines 
required. 

The jet velocity ratio is the only system variable. 
The velocity ratio is increased in steps and subroutines 
PIPE and PUMP are called respectively. Subroutine PIPE 
returns the optimum characteristics of the pump—-to-nozzle 
pipe and the head losses due to the pipe at hump and cruise 
Speeds. Subroutine PUMP returns all the system data. 
A summary of this data, including the system weight ratio 
and net propulsive efficiency, is stored in an array in the 
main program. The jet velocity ratio is increased until 
either the number of required pump stages exceeds six or the 
required power at hump or cruise speed exceeds the available 
power. The program then prints out a table of summary data 
for every jet velocity ratio. Finally, the program 
recalculates and prints out all the system data for the 
Minimum weight ratio system and the system with the maximum 
net propulsive efficiency. 

At this point, the program will either go to the next 
set of input data or it will optimize the displacement. 
This option is controlled by the variable KK. 


If displacement optimization is desired, the program 
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will check the slope of the weight-—to-drag ratio versus 
the jet velocity ratio curve at the point when a limiting 
constraint is reached. If the slope is positive the 
displacement will be increased and if the slope is negative 
the displacement will be decreased. New drags are then 
determined using a constant lift—-to-drag ratio. The entire 
program is then repeated for the new displacement and drags. 
This process will continue until the minimum weight ratio 
ms found. 

subroutine PUMP uses the equations developed in Chapters 
2 and 3 to define the basic pump characteristics and 
performance. The subroutine designs the pump at hump speed 
to meet the constraints of blade tip velocity and suction 
Specific speed. The pump efficiency is then determined by 
the pump diameter and a test is made to determine if 
sufficient power is available to accelerate through the 
hump region. Next, the cruise performance is calculated and 
the constraints of blade tip velocity, suction specific 
speed and available power are checked. If these constraints 
‘are not satisfied, the blade tip velocity at hump speed is 
decreased and entire pump design process is repeated. 

Once the pump is determined, subroutine WEIGHT is 
Called. Subroutine WEIGHT returns the system weights 


according to equations developed in Chapter 3. 
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APPENDIX C 
COMPUTER PROGRAM USER'S GUIDE 


This program has two arrays available for storing the 
characteristics of fifteen different engines. The 
Characteristics are entered in two card groups, thus thirty 
cards are required. The characteristics of fourteen gas 
turbines are listed in Table 1. If fifteen engines are not 
required, blank cards can be used to fill the remainder of 
the thirty cards. The engine characteristics cards consist 
of fifteen groups of two cards containing: 


Card 1 -— Name of the engine 
The format for this card is 3A4, 


Card 2 - PERF(IENG, 1) - Normal SHP 
PERF(IENG, 2) - Maximum SHP 
PERF(IENG, 3) - SFC at normal SHP 
PERF(IENG, 4) - RPN of engine 
PERF(IENG, 5) - Weight of engine 
PERF(IENG, 6) -— Length of engine 
Thicerorniat Lon thie card is CFO. 3. 


Following the thirty engine characteristics cards, 

‘the user must input two cards to describe the inlet systems 
that can be used. In this program the inlet systems available 
are a 2.5 aspect ratio inlet and a varying aspect ratio 

inlet. 


Card 31 - 265 
Card 32 -— VARYING 
The format for cards 31 and 32 is 2A4. 
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Next the user must input three cards for each waterjet 


system. There is no limit to the number of different 


systems that can be designed in a single computer run as 


long as the engine characteristics are entered somewhere in 


ecards 1 through 30. 


Card 33 - 


Card 34 - 


IENG = 


NGT - 


KINCRE - 


The type of engine selected 
corresponding to its position 
among the fifteen engines 
described in cards 1 through 
30. 


The type of inlet system selected, 
1 for a 2.5 aspect ratio inlet 
2 for a varying aspect ratio inlet 


The number of engines to be used. 
If this space is left blank, the 

program will determine the number 
of engines required. 


If KK = 2, the program will optimize 
the ship displacement. If KK # 2, 
the program will optimize the 
waterjet design for the given 
displacement only. 


The size of the displacement 
increment as a fraction of the 
total original displacement. 
This space may be left blank if 
KK # 2. 


The format for this card is 515. 


CAC 


XLENG(1) 


- The height of the pump above 
the inlet in feet. 


- The height of the outside 
waterline above the inlet in 
feet. 


~ The acceleration coefficient 
required at hump speed. 


- The length of the pump-to- 
nozzle pipe for system l. 


The format for this card is 4F10.2. 
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fara 35 = VO(1) - 
VO(2) - 
DRAG(1) - 
DRAG(2) - 
DES - 
RANGE - 
XLTOB = 


Cruise speed in knots 

Hump speed in knots 

Hull drag at cruise speed 

Hull drag at hump speed 

Ship displacement in long tons 
Range in nautical miles 
Length-to-beam ratio 


Len EOrnateOnebmas card is 7F10O.2. 


Final Card = 


A sample input data 


This card is left blank 


deck to optimize three different 


waterjet systems is shown on pages 158 and 159. This data 


deck will produce results for three 2,000 ton surface effect 


ships. <A brief summary of the characteristics of the three 


ships are: 


Ship Length/ 
Beam Ratio 
i 4.0 
ZO 
8 eS 


Type Optimize 
Engine Displacement 
FT OD Yes 
LM2500 Yes 

FTQD No 
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COMPUTER PROGRAM 
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AAJ ET 


AINLET 
AJET 

APUP 

AR 

ASPRT (I,J) 


CAC 
CACL 


CAL 
CB 
CDINI 


CDIN(I) 
CORL 
COR2 


LIST OF PROGRAM VARIABLES 


The individual waterjet system for 
which the pump is designed 


Jet area per pump 

Diffuser outlet area £t* 
Inlet area at cruise speed rte 
Total jet area rt° 
Pump inlet area £t° 


Inlet aspect ratio 

Variable used to print out type of 
inlet aspect ratio 

1 for 2.5 aspect ratio inlets 

2 for varying aspect ratio inlets 
The square of the ratio of the 
momentum velocity of entering water 
to the ship velocity (CU) 
Coefficient used in determining RX 


Acceleration coefficient at hump 
speed 


Acceleration coefficient at cruise 
speed 


Ratio of ship drag to displacement 
Coefficient used in determining RX 


Inlet drag coefficient at cruise 
speed 


Inlet drag coefficient 
Correction factor for ETAOA(1) 


Correction factor for ETAOA(2) 
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CORRD 
CORRN 
CU 


CW 
CWIN 
D1 


D2 


DCOF 


DEL 


DEL 


1S(1) 
DISP 


DISPIN 


DISP1 


DJET 
DPIPE 
DR 
DRAG(T) 
DRAT 


EFFNOZ 


Correction factor for CDIN(I) 
Correction factor for ETAOA(1) 


Ratio of momentum velocity of inlet 
water to ship velocity 


Pump weight coefficient 
Inlet system weight coefficient 


Variable used to determine nozzle 
weights 


Variable used to determine nozzle 
weights 


Inlet drag coefficient (subroutine 
WEIGHT ) 


Increment of change in jet velocity 
ratio (MAIN program) 


Increment of change in pump-to-nozzle 
pipe diameter (subroutine PIPE) 


Displacement after removing fuel lb 


Displacement —- entered in long tons 
converted to pounds 


Amount of change in ship displacement tons 
used in ship displacement optimization 


New ship displacement used in ship tons 
displacement optimization 

Diameter of nozzle exit ft 
Diameter of pump-to-nozzle pipe £G 


Diffusion ratio 
Ship drag ile 


Ratio of pump inlet hub radius to 
blade tip radius 


Efficiency of nozzle 


FOG 





ENGN (IJ, IENG) 


ETAL 
ETA2 
ETAOA(T) 
ETAP(T) 
BTAX 


ETERUI 


HIN 
HIN2 
HPIPE(TI) 
HPP {T ) 
HSV(TI) 


Variable used to print out type 
of engine selected 


Noa at cruise speed 
Noga @t hump speed 
Non 

Pump efficiency 


Ratio of off-design point pump 
efficiency to design point efficiency 


Variable used in determining fuel 
weight 


Variable used in determining the 
yet velocity ratio at hump speed 


Acceleration due to gravity 
Reduction gear ratio 


Head loss due to difference in height 
between pump inlet and diffuser exit 


Atmospheric pressure head 


Height of diffuser outlet above 
baseline 


Height of pump above baseline 
Length of transition pipe 


Height of outside waterline above 
baseline 


Inlet height at cruise speed 
Inlet height at hump speed 

Head loss in pump-to-nozzle pipe 
Head across pump 


Net positive suction head 
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ft/sec 


ft 


ft 
ft 


ft 
ft 
ft 


ft 
ft 
ft 
ft 
ft 





IAR 


ICONT 
LENGN 


INMAX 
INIT 
ITPRINT 
TREAD 
ISTEER 
LWVd 


KINCRE 


Ratio of pump head at cruise to 
pump head at hump 


Indicates ship velocity 
1 for cruise speed 
2 for hump speed 


Input to program 
1 for 2.5 aspect ratio inlets 
2 for varying aspect ratio inlets 


Program control 


Type of gas turbine 
1 -—- TF 35 
2 —- TF 40 
3 - Proteus, 1,500 RPM 
4 - Proteus, 1,000 RPil 
5 - Tyne 1A 

6 - Tyne 1C 
7 - FT12A 

8 LM 1500 
9 LM 2500 

10 FT 4A-2C 

FT4A-12 

FT 4C-2 

FTOD 

GTPF 990 

15 - Unused space 


fe 
od 
riteitet 


Program control 
Program control 
Output device number 
Input device number 
Propran Control 
Program control 
Program control 


Program control 


The size of the displacement increment 
as a fraction of the total original 


ship displacement 
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NGT 

NSTG 

PC (L,M) 
PCA(L,M) 
PC1NAX 

PC 2MAX 

PCLVI 

PC2VI 
PCOEF (J ,K) 
PERF (N, IENGN) 


PHI 
PHI1 
al 
PIDIA 
PLP 
PRC (I) 
PRC1 


Program control 
Program control 
Program control 

Program control 

Number of gas turbines 

Number of pump stages 

Inducer stage characteristics 

Axial stages characteristics 

Maximum overall propulsive coefficient 
Maximum net propulsive coefficient 

Jet velocity ratio for PC1MAX 

Jet velocity ratio for PC2hAX 

Pump length and weight coefficients 


Engine data where N is: 


1 - Normal SHP Fee 

2 —- Maximum SHP GUE 

3 - SFC at normal SHP 1b/HP-hr 
4 ~- RPM rpm 

5 - Weight of engine (dry) Lb 

6 —- Engine length ft 


Pump flow coefficient at hump speed 


Pump flow coefficient at cruise speed 


Constant = 3.1415927 
Pump inlet diameter Tt 
Pump length ft 


Propulsive coefficient (overall) 


Propulsive coefficient (overall) at 
cruise speed (MAIN program) 
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PRNC1 


PRNC 2 


Q(I) 
QQ(I) 
QQ1PC2 


QQ1WVI 


SCONT 


SFC 


Net propulsive coefficient at 
cruise speed 


Net propulsive coefficient at 
hump speed 


Flow rate through system 

Flow rate through each pump 

Flow rate through each pump at the 
jet velocity ratio for the maxinum 
net propulsive efficiency system 
Flow rate through each pump at the 
yet velocity ratio for the 

Minimum weight ratio system 


Ratio of flow rate at cruise speed 
to the flow rate at hump speed 


Ship range 

Total resistance of ship including 
inlet drag r 
Density of titanium 

Density of water 


Variable used in determining the 
number of pump stages 


Pump RPM 

Pump RPM at hump speed 
Reduction gear Q-factor 
Pump inlet tip radius 


Ratio of pump RPM at cruise speed 
to RPM at hump speed 


Variable used in determining fuel 
weight 


Specific fuel consumption 


Saezoe= 


rt?/sec 
£t>/sec 
ft/sec 


f+>/sec 


nautical 
miles 
Lb 


slug/ft> 
slug/ft> 


rpm 


rpm 


ft 


1b/HP-hr 





SHI 
SHNG 


SHP(I) 
Sool 


Soe 
STRESS 


THICK 
1 


VAF . 


VISC 

VJ 
VJVO(T) 
vo(T) 


VOTER 


VTIP(I) 
WIDTH 
WI (K) 


WIMIN 
WIOT 


Pump head coefficient 


Shaft horsepower required after 
fuel is removed 


Shaft horsepower 


Suction specific speed at cruise 
speed 


suction specific speed at hump 
speed 


Maximum allowable normal stress in 
pump—-to-nozzle pipe 


Thickness of pump—-to-nozzle pipe 


Time interval for fuel consumption 
calculation 


Variable area factor (ratio of inlet 
area at hump speed to inlet area at 


cruise speed) 
Viscosity of water 
Jet velocity 
Jet velocity ratio 
Ship velocity 
Input and subroutine SESIN 


Remainder of program 


Variable used in determining fuel 
weight 


Pump blade tip velocity 
Width of inlet opening 


Weight of fuel required for one 
time period 


Minimum weight ratio 


Total system weight 
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lee 


ERE 


1b/in@ 


in 


ft*/or 
ft/sec 


knots 
ft/sec 


ft/sec 
ft 
Lb 


Lb 





WlOTLT 
WIRAT 
WVd 


XK 
XLBSHP 


XLENG( II) 


XLENGP 


XWGR 
XWIN 
XWPIP 
XWPIW 
XWPN ( IT) 


XWPNO 
XWW 


Total system weight 
Weight ratio 


Jet velocity ratio for minimum 
weight ratio 


Inlet system drag 
Reduction gear K-factor 


Ratio of waterjet system weight 
to shaft horsepower required 


Pump-to-nozZle pipe length for 
system II 


Estimated pump—to-nozzle length 
used in determining number of gas 
turbines required 

Nozzle length 

Ship lLength-to-beam ratio 

Factor for SFC versus power curve 
Number of gas turbines 

Pump dry weight 

Weight of engines 

Total fuel weight 

Weight of reduction gears 

Weight of inlet systems 

Weight of transition pipes 

Weight of water in transition pipes 


Weight of pump-to-nozzle pipe for 
system II 


Total weight of pump-to-nozzle pipe 


Weight of water in pumps 
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long tons 


li 


1010 


Tt 


ft 


Lb 
1b 
Lb 
Lb 
als 
Lb 
Lb 
1b 


Lb 
Lb 





XWWN( IL) 
XWWNO 


XWNOZ 
XWNOW 
mx (J ,K) 


XXLP 
ZERO 


Weight of water in pump-to-nozzle 
plping for system II 


Total weight of water in pump-to- 
nozzle piping 


Total weight of nozzles 


Total weight of water in nozzles 


Main 
ae 


O09 OND W FWY 
! 


rt 


Pump 


program outputs 

Jet velocity ratio 

Weight ratio 

Overall propulsive efficiency 
Net propulsive efficiency at 
cruise speed 

Net propulsive efficiency ait 
hump speed 

ohaft horsepower at hump speed 
ohaft horsepower at cruise speed 
suction specific speed at hump 
speed 

Pump RPM at hump speed 

Number of pump stages 


length coefficient 


Variable used to iterant the final 
pump-to-nozzle pipe diameter 


wiees = 


iEs: 


ED 


Lb 
AL} 6: 


labs 
HP 


rpm 





c¢0 
c%0 
LeO 
O¢0 
620 
§cO 
420 
920 
G20 
720 
¢20 
ccO 
LcO 
O20 
610 
SLO 
Gio 
G10 
SLO 
7LO 
¢LO 
clO 
LLO 
OLO 
600 
800 
LOO 
900 
SOO 
700 
£00 
cO0O 
LOO 


a ee (GIS )LVWYOd LOOL 
AYONTIM® MS DONS MVISNONAI (LOOL°avauI)avaa Lt 


VLVC DONdNI NI dvd 


(ive )LYNdOd 9001L 
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(YVve)LVWHOA SOOL 
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WVHDONd NIVW 
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